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Parker Hannifin Precision Cooling Business Unit is in need of a cooling system that is able to 
reject a heat load in the range of 4-8 kW, in 0.5 kW increments. The cooling system will use the 
same two-phase evaporative cooling technology used in Parker’s current designs. The cooling 
system will utilize an air-cooled condenser, an electric pump, an accumulator, a strainer, a filter 
dryer, and a cold-plate evaporator to remove heat from an electronic device.  The cooling system 
will be designed for compatibility with different cold-plate evaporators, but the evaporator itself 
will not be part of the design. The cooling system will have a maximum power consumption of 
1.5 kW.  While a standard vapor-compressor cycle uses a compressor, Parker’s two-phase 
evaporative cooling cycle utilizes a specialized pump and accumulator in order to decrease 
power consumption. The cooling unit will be marketed toward industrial and data center 
customers to cool their electronic equipment. The completed unit will be a prototype production 
model that will be delivered to Parker Hannifin by May 2013.  
 
This paper goes through the entire design process to create a system that meets the needs of 
Parker Hannifin as stated above. The first section discusses the original design of the two-phase 
cooling unit as well as the design changes that were implemented between last semester and this 
semester. The second section has a discussion about the build process including pictures and 
figures of the final prototype. The third section includes all testing data that was collected and 
analyzed.  The fourth section has an evaluation of the system and includes the conclusions that 
were drawn from the project.  
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Conceptual Design 
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I. Original Design 
1.  Thermodynamic Analysis 
In order to design the system to meet the given thermodynamic requirements, a 
thermodynamic analysis must be done. The analysis determines the performance and size 
needed for various parts such as the pump, condenser, fan, accumulator, and piping. The 
thermodynamic model of this system was created in both excel with the help of a macro as 
well as in the Engineering Equation Solver (EES) program. The EES program for the 
thermodynamic model can be found in Appendix C. The model is controlled by the two user 
inputs, which are the heat load and the temperature at the condenser inlet. From these two 
inputs, the states are found based on certain system requirements and assumptions. Various 
properties of the system can be determined after the thermodynamic model is complete.  
a. States: The first step in the analysis is to set up the various states in the cycle by way of 
requirements and assumptions. The position of each state in the cycle can be seen in 
Figure 1. State 1 is at the entrance of the condenser, which is also considered the entrance 
to the system. To set each state, there must be two known parameters. These parameters 
could be temperature, pressure, quality, or enthalpy. Once the state has been set by these 
parameters, all the other unknown parameters can be determined by means of 
thermodynamic and heat transfer equations. 
 
Figure 1: Two Phase Evaporative Cooling Unit Diagram 
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State 1: This state is the easiest to set since it is given in the system requirements. The 
two parameters used to set State 1 are temperature and quality. The temperature at State 1 
is set by the user and it must also be at 70% quality during steady state operation. These 
two parameters place State 1 inside the vapor dome on the pressure versus enthalpy 
diagram, seen in Figure 2, meaning that the refrigerant is a mix of gas and liquid at this 
state. State 1 is important because it is what allows us to set up the rest of the system. 
 
 
Figure 2: Example of PH Diagram with Labeled States and Regions 
 
State 2: The two parameters that are used to set this state are the pressure and the 
temperature. The pressure drop across the condenser is provided by the manufacturer and 
will remain constant for every situation. For the thermodynamic analysis, the pressure 
10 
 
drop is assumed to be approximately 9 kPa, which is determined by previous quotes from 
the manufacturer for similar condensers. The temperature can easily be measured during 
operation, but for the thermodynamic analysis it is assumed to be 5 C in the sub-cooled 
state. 
 
State 3: This state is assumed to be the same as State 2 for the thermodynamic analysis. 
This assumption can be made due to the fact that there are no significant changes in the 
properties of the refrigerant across the accumulator.  
 
State 4:  The two parameters that are used to set this state are the pressure and enthalpy. 
The change in pressure across the pump will be equal to the total pressure drop through 
the entire system, which would include pressure drops across the cold plate, condenser, 
piping, and accumulator. The change in pressure across the cold plate is not known since 
it will vary for each customer. It can easily be measured once the cold plate is connected 
to the system, but for the thermodynamic analysis it is assumed to be 20 Psi (138kPa), 
which is the maximum pressure drop that the cold plate could be designed to, as stated by 
Parker Hannifin.  As stated above, the pressure drop for the condenser is given by the 
condenser manufacturer and the pressure drop across the accumulator is negligible due to 
no significant property changes. The pressure drop through the piping system can also be 
considered negligible since it is designed for minimal pressure drop. The enthalpy does 
not change across the pump, thus allowing State 4 to have the same enthalpy as State 2.  
 
b. Refrigerant Flow Rate: Once all the states are set, the next step in the analysis is to 
determine the flow rate of the refrigerant. The refrigerant flow rate is constant through 
the entire cycle and can be determined by using Equation (1). To calculate the mass flow 
rate from this equation, the other three variables must be known. The heat load, ሶܳ  [kW], 
is known because it is input by the user at start up. The enthalpy at State 1,	݄ଵ, and the 
enthalpy at State 4, ݄ସ, are known from the thermodynamic analysis that is described in 
the previous section. Once the mass flow rate is determined, the pump flow rate required 
can easily be calculated using Equation (2), which contains a conversion factor and the 
density at State 4, ߩସ [kg/݉ଷ]. Table 1 shows the refrigerant volumetric flow rates from 4 
kW to 8 kW heat load input that are calculated using Equations (1) and (2), as well as 
information from the thermodynamic model.  
 ࢓ሶ ൌ ࡽሶࢎ૚ିࢎ૝   [kg/s] (1)
 
 ࢂሶ ൌ ࢓ሶ࣋૝ ∗
૚૙૙૙ࡸ
࢓૜ ∗
૜૟૙૙࢙
ࢎ࢘  [LPH] (2)
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Table 1: Table of Pump Flow Rates Required Based on User Inputs 
Pump Flow Rates, ࢂሶ  [LPH] 
8 
[kW] 
7.5 
[kW] 
7 
[kW] 
6.5 
[kW] 
6 
[kW] 
5.5 
[kW] 
5 
[kW] 
4.5 
[kW] 
4 
[kW] 
50 °C 222.96 209.02 195.09 181.15 167.22 153.28 139.35 125.41 111.48
45 °C 211.63 198.41 185.18 171.95 158.72 145.50 132.27 119.04 105.82
40 °C 201.61 189.01 176.41 163.81 151.21 138.61 126.01 113.41 100.81
35 °C 192.67 180.63 168.59 156.55 144.51 132.46 120.42 108.38 96.34
30 °C 184.66 173.11 161.57 150.03 138.49 126.95 115.41 103.87 92.33
25 °C 177.39 166.30 155.22 144.13 133.04 121.96 110.87 99.78 88.70
20 °C 170.79 160.11 149.44 138.76 128.09 117.42 106.74 96.07 85.39
15 °C 164.75 154.45 144.15 133.86 123.56 113.26 102.97 92.67 82.37
10 °C 159.17 149.22 139.27 129.33 119.38 109.43 99.48 89.53 79.58
 
c. Pump Selection: As stated in the conceptual design section, the pump will be provided 
by Parker Hannifin in three possible sizes. The volumetric flow rates shown in Table 2 
can be used to select the pump that is best utilized in the design. The pump must be able 
to supply the flow rate required for the most demanding scenario, which is 222.96 LPH 
for an 8 kW heat load and a condenser inlet temperature of 50 °C. Since the maximum 
volumetric flow rate predicted is 222.96 LPH, the smallest of the three pumps may be 
utilized, which provides flow rates up to 250 LPH.  
2. Pipe Sizing 
Selecting the pipe size is an important part of the detailed design. The size of the pipe 
determines the velocity of the refrigerant in the pipe, as well as the pressure drop across the 
piping. The pipe size also plays a factor in the volume of fluid needed for the system.  
 
a. Available Sizes: The pipe sizes that are evaluated must be standard pipe sizes that are 
able to be manufactured. Table 2 lists the pipe sizes that are available for use and 
manufactured by Parker Hannifin.  
 
Table 2: Nominal Pipe Sizes along with Inside Diameter 
Nominal Pipe Size (in) Inside Diameter (m) Inside Diameter (in) 
1/8 6.83E-03 0.269 
1/4 9.25E-03 0.364 
3/8 1.25E-02 0.492 
1/2 1.58E-02 0.622 
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b. Requirements: The selection of the pipe size depends on two main factors: the pressure 
drop and the fluid velocity. The pressure drop across the pipe is desired to be negligible. 
The pressure drop is negligible if it is less than 0.1% of the maximum head of the pump. 
The pump selected has a maximum head of 40 psi (275.6 kPa), so the maximum 
allowable pressure drop across the pipe is 0.04 psi (0.2756 kPa). Table 3 shows the 
desired - not required - fluid velocities for different sections of pipe that were provided 
by Parker Hannifin. The velocity of the fluid in the pipe can be less than, but not greater 
than, the given value but should be as close as possible. 
 
Table 3: Desired Fluid Velocities for Sections of Pipe 
Section of Pipe Desired Velocity 
(ft/s) From: To: 
Cold Plate Condenser 5 
Condenser Accumulator 5 
Accumulator Pump 2.5 
Pump Cold Plate 3.5 
 
c. Equations: Since the pipe sizes are limited to what can be manufactured, the velocity 
and the pressure drop are evaluated for each pipe size. The pipe size for each section is 
then selected based on the desired velocity and pressure drop. Equation (3) is the velocity 
of the fluid in the pipe based on the mass flow rate, ࢓ሶ , the density, ࣋, and the inside pipe 
diameter, ࢊ. Equation (4) is the Reynold’s number for the pipe based on the mass flow 
rate, dynamic viscosity,ࣆ, and the inside pipe diameter. The friction factor,ࢌ, for the pipe 
can then be calculated using Equation (5). This equation uses a roughness factor,ࢋ, which 
for copper is 0.000005. Equation (6) calculates the pressure drop across the pipe and has 
a length term which is estimated to be between 0.5 m and 1 m depending on the section. 
Table 4 contains the results of the equations for each section of pipe and pipe size. Using 
this table and the stated requirements the pipe size for each section can be determined. 
 
 
࢜ ൌ ࢓ሶ
࣋∗࢖࢏∗ࢊ૛૝
[ft/s] or [m/s]     (3) 
 
ࡾࢋ ൌ ૝࢓ሶࣆ࣊ࢊ       (4) 
 
૚
ඥࢌ ൌ ૛ ∗ ࢒࢕ࢍ૚૙ ൬
ࢋ
૜.ૠࢊ ൅
૛.૞૚
ࡾࢋ∗ඥࢌ൰    (5) 
 
ࢊ࢖ ൌ ૡࢌࡸ
࢓૛
࣋
ሶ
࣊૛∗ࢊ૞[psi] or [kPa]     (6) 
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Table 4: Table of Results for Each Section and Pipe Size 
Nominal Pipe Size (in) Velocity (ft/s) Re 
Friction 
Factor, f 
Pressure Drop 
(pa) 
Cold Plate to 
Condenser 
 1/8 7.987 269992 0.01662 6056 
 1/4 4.362 199527 0.01687 1355 
 3/8 2.388 147618 0.0174 309.7 
 1/2 1.494 116765 0.01797 99.06 
Condenser 
to 
Accumulator 
 1/8 6.08 98310 0.01917 2658 
 1/4 3.32 72652 0.01996 610.1 
 3/8 1.817 53751 0.02101 142.3 
 1/2 1.137 42517 0.02198 46.11 
Accumulator 
to Pump 
 1/8 6.08 98310 0.01917 5316 
 1/4 3.32 72406 0.01996 1220 
 3/8 1.817 53751 0.02101 284.6 
 1/2 1.137 42517 0.02198 92.22 
Pump to 
Cold Plate 
 1/8 6.073 97977 0.01918 2656 
 1/4 3.317 72406 0.01997 609.8 
 3/8 1.815 53569 0.02102 142.3 
 1/2 1.136 42373 0.022 46.09 
 
3. Condenser Sizing: The condenser needs to be evaluated under maximum operating 
conditions, which were discussed in the ‘Abstract and Summary’ section. The maximum 
operating conditions are an 8 kW heat load, a 50 C fluid temperature, and a 40 C ambient 
temperature. Using this information and a desired face area, the condenser was evaluated by 
Luvata using their proprietary program. Luvata then returns a condenser quote that contains 
the required fan flow rate and also the pressure drop of both the air and refrigerant across the 
condenser. A condenser with a face area of 20x20 in. was evaluated by Luvata for the 8 kW 
requirement, but the fan flow rate would not be possible with the less than 75 db sound 
requirement. In order to cut down on the flow rate, it was decided that two 4 kW condensers 
with the same face area would be used by passing the air flow through them in series. This 
greatly reduces the flow rate that the fan would need to produce and has about half the static 
pressure drop as the 20x20 in 8 kW model. Some of the important information for the 
condensers can be found in Appendix B, Table B. 1. 
 
4. Accumulator Sizing: The accumulator needs to be sized to ensure that there is the proper 
amount of fluid in the system. Not enough fluid is a bad thing because if there is not enough 
fluid the pump will not receive the proper amount of flow and will start to cavitate. Too 
much fluid is also a bad thing, if there is too much fluid in the system it could flood the 
condenser. To size the accumulator the total volume of the system must first be determined. 
The total volume of the system depends on the size and length of the pipe, the size of the 
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condenser, as well as the size of the cold plate. Since the cold plate is external to our system 
and could change for different applications an allowable maximum and minimum must be 
determined. The volume of the refrigerant also depends on the state that it is in. The 
refrigerant takes up more volume at higher temperatures since the density drops and vice 
versa at lower temperatures. The accumulator must be sized for a minimum fluid level which 
will occur during a cold start up and also for a maximum level which will occur at worst case 
operating conditions. To properly size the condenser it is sized using Parker Hannifin’s 
proprietary program that they use. The cold plate volume was given by Parker Hannifin 
based on their expected use for the designed system. Using the program the accumulator was 
sized to have a volume of 9.75lbs. This accumulator size will be 82% full at the highest 
running temperature and 32% full during cold startup. Table 5 shows the needed accumulator 
volume, charge, and amount of lubricant additive (Krytox). 
 
Table 5: Accumulator Information 
Est. Charge 10.18 lbs 
Amount Krytox 122.20 mL 
Accumulator Volume 9.75 lbs 
 
5. Fan Selection: Once the condenser is sized, the fan can be selected based on condenser face 
area as well as the required flow rate and pressure drop given by Luvata. The fan does not 
need to be the same size as the condenser since it is draw through but a similar size is 
desired. The main factors in the fan selection are the required flow rate and the pressure drop. 
The fan should be able to push the required flow rate of air, but also be able to provide more 
if need be. In order for the air to make it through the condenser, the increase in the air 
pressure caused by the fan must be greater than the pressure drop caused by the condenser. 
Based on these factors a fan was selected from SPAL instead of Multi-wing. The sickle 
blades from Multi-wing were not able to achieve the flow rate and pressure drop but the fan 
from SPAL, which is also a sickle blade, is able to deliver the required air flow rate and 
pressure drop. A technical drawing for the fan can be found in Appendix A as Figure A. 2 
and the performance specifications for the fan can be found in Appendix B as Table B.2. The 
performance specifications include the size and also a table that shows the static pressure 
achieved at different flow rates. 
 
6. Housing Configuration: The housing assembly is made of stainless steel sheet metal that is 
bolted together, which is seen in front and back views, shown in Figure 3. The rigid bottom is 
made of 16 gauge 304 stainless steel sheet metal with the edges folded up to form the basis of 
a frame. All side panels are formed from 16 gauge sheet metal as well. Four frame brackets, 
made of welded 11 gauge sheet metal for higher rigidity, are bolted to the base frame in each 
corner. These form the frame that the side panels bolt onto. An 11 gauge sheet metal plate is 
bolted twelve inches up from the base to form the shelf for the condenser setup as well as to 
form the bottom enclosure for the components. Flexible stainless steel tubing is connected 
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through the shelf plate between the condenser and the bottom compartment to allow for easy 
installation and movement of parts during maintenance. Vent slits are cut into the side plates 
to allow air flow for ventilation. Connections are located on one side of the bottom 
compartment, where the customer’s remote cold plate will pipe into the system. The other 
side plate on the bottom compartment features a cut-out through which the master on/off 
switch can be accessed. The user interface is located on this same side, at the top of the upper 
side panel.  
 
The condenser is located on the front of the unit, where a side panel features hex-cut sheet 
metal to allow for airflow to the back, where the fan is bolted to the upper rear panel. The 
lower front base plate includes two handles and a convenient lift-off design that is secured 
with two bolts. This panel is the primary access point for the components in the bottom 
compartment, however, the use of PEM studs to attach the side panels will allow every panel 
to be removed if necessary. Heavy-duty adjustable vibration-damping feet are bolted to the 
bottom corners of the base plate to allow for the unit to be lifted a maximum of two inches 
above ground.  
 
Figure 3: Housing Design - Front and Back Views 
7. Control Scheme 
In order to properly control the system, a control scheme must be set up. The control scheme 
is a description of how the system will operate at startup, as well as how it will make 
adjustments during steady state operation. The system is required to meet steady state within 
two minutes of startup. Even though the system will reach a steady state, it will need to be 
constantly monitored in case there are any changes that need to be adjusted for. 
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a. User Inputs: At startup, the user will be prompted to select the heat load that they want 
to remove as well as what temperature they want the inlet of the condenser to be.  
 
Temperature Input: The microcontroller will give the user a range of inlet temperatures 
that they can select via the user interface. The range is dependent on the ambient air 
temperature and two given requirements that are stated in the problem statement section. 
The two requirements are that the inlet temperature must be less than or equal to 50 C 
and also between 10 to 20C more than the ambient air temperature. Once the user has 
input the desired temperature, it is sent back to the microcontroller and stored.  
 
Heat Load Input: The user will select the heat load they would like to remove from the 
cold-plate using the user interface. They will be allowed to select a heat load from 4 to 
8kW in 0.5kW increments. Once the user has input the desired heat load, it is sent back to 
the microcontroller and stored.  
 
b. Pump Flow Rate: After the user has input both the desired temperature and heat load, an 
initial pump flow rate can be determined using Table 1. This flow rate will not be the 
steady state flow rate but can be used as a starting point to get close to steady state flow 
rate. By inputting the temperature at the inlet of the condenser, the user has set that state 
since it also has a requirement of 70% quality. Once the state is set, the desired enthalpy 
can be determined. In order to maintain this enthalpy, the flow rate must be adjusted 
using Equation (1). The refrigerant at the outlet of the pump will be a sub-cooled liquid, 
so the enthalpy can be determined by measuring both the temperature and the pressure 
using sensors. Once the system reaches steady state, this enthalpy should remain 
constant, and in turn, the flow rate will be constant.  
 
c. Fan Flow Rate: The fan’s air flow rate is controlled based on the outlet temperature of 
the condenser. The temperature desired at the outlet can be determined by calculating the 
enthalpy for the state. The enthalpy at the outlet can be calculated using Equation (1) 
since all the other variables are known. The heat load that must be transferred to the air 
via the condenser is the same heat load that is being removed from the cold-plate. The 
mass flow rate is set based on the heat load desired, and cannot be changed. The enthalpy 
at the inlet is known since that state has been set based on the temperature input and the 
quality required. Once the enthalpy is known, the state can be set using one other 
parameter, in this case, pressure. The pressure at the outlet is measured using a pressure 
sensor but can also be estimated using the quoted pressure drop across the condenser and 
the pressure at the inlet. Once the desired temperature is determined, the fan can be 
controlled based on the relation between the desired temperature and the actual 
temperature at the condenser outlet.  
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d. Outputs to Interface: During steady state operation, the user interface displays the set 
heat load and temperature. The microcontroller will also be able to output all the sensor 
data and state property data to the user interface for the user to look at, if desired. In 
addition to the user interface, there is a USB port that the user can connect to with a tablet 
or laptop. The user would need to download a program from the microcontroller 
manufacturer to collect the data. The data can then easily be imported into excel to create 
any graph that the user desires. This may be especially useful during startup of the system 
if the user wishes to see how the system reaches steady state. 
 
8. Electrical Connections 
The system will be getting all of its electrical power from a standard wall outlet 120 VAC. It 
will enter the system through a power entry module. It allows users to turn system on and off. 
It also safely isolates the system power supply from wall outlet. An AC-DC transformer is 
connected to the power entry module and it outputs 24 VDC for various components of the 
system. It supplies DC voltage to the microcontroller, the pump, the fan, the pressure sensors, 
and the liquid flow meter. A figure of the electrical schematic for the system can be found in 
Appendix A as Figure A. 1. 
 
a. Microcontroller:  The microcontroller is an Arduino Due board that uses an Atmel 
AT91SAM3X8E chip. This board has 54 digital I/O pins, 12 analog inputs, and 2 analog 
outputs.  It uses 3.3V logic.  It provides one 3.3 VDC and one 5 VDC power supply to 
peripheral devices.  The 3.3 VDC power supply powers thermocouple amplifier-digitizer 
(MAX31855K board) and ambient temperature sensor (LM35).  The 5 VDC power 
supply powers the precision amplifier (OP484). It has an integrated USB controller which 
allows it to interface with a PC.  It is powered by 7 to 12 VDC.  Since the AC-DC 
transformer outputs 24 VDC, the voltage divider is required to supply microcontroller 
with 7 to 12 VDC. 
 
b. Pump:  The system uses a variable speed pump to move the coolant through the system.  
The speed of the pump is controlled by a DC voltage signal.  This signal uses 0-5 VDC.  
Speed control signal is obtained from the microcontroller.  Since the microcontroller uses 
3.3V logic, the speed control signal from the microcontroller must be amplified to 
produce 0 to 5V signal needed for pump speed control. 
 
c. Fan:  The system uses a variable speed fan.  The speed control signal of the fan is 
obtained from the microcontroller.  The microcontroller selects the speed based on the 
desired temperature and the actual temperature at the condenser outlet.  Since the 
microcontroller uses 3.3V logic, the signal (0-3.3V) from the microcontroller is amplified 
to 0-5V needed to control the speed of the fan. Figure 4 and Equation 7 explains how to 
amplify from 0-3.3V to 0-5V.  
18 
 
 
 
Figure 4: Schematic of Amplifier 
 
ࢂ࢕࢛࢚ ൌ ቀ૚ ൅ ࡾ૛ࡾ૚ቁࢂ࢏࢔     (7) 
 
d. Pressure Sensors:  This system uses two pressure sensors.  The pressure sensors are 
manufactured by NOSHOK, Inc.  This project uses NOSHOK 200 Series Voltage Output 
Pressure Transducers.  These sensors are placed at pump outlet and condenser outlet.  
These sensors are powered by 24 VDC from the AC-DC transformer and outputs 0 to 5 
VDC.  The output voltage corresponds to the measured pressure. 
 
e. Liquid Flow Meter:  This system uses one coolant flow rate meter.  The coolant flow 
rate meter is manufactured by Proteus Industries Inc.  This project uses an 8000 Series 
Liquid Flow Meter.  It is powered by 24 VDC from the AC-DC transformer and has an 
output sensor signal of 0 to 5 VDC. 
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9. Data Acquisition and Signal Conditioning 
Data acquisition is the process of collecting data from all the sensors and converting it from 
analog signals to digital signals using analog to digital converters (ADC).  This project uses 4 
analog to digital converters of the microcontroller.  The converted signals then send to the 
microcontroller, based on these signals, the microcontroller will provide analog voltage 
signals to control speed of the fan and the pump.  Some of the sensor signals are too high and 
must be conditioned before they are received by the microcontroller.  Voltage dividers are 
used to condition the sensor signals in this project. 
There are three types of sensors in this system: temperature, pressure and coolant flow rate.  
Figure 5 shows the location of the sensors in the system. 
 
a. Temperature Sensors: There are four temperature sensors.  Three of them are 
thermocouples; one is integrated-circuit temperature sensor.  The thermocouple 
temperature sensors are manufactured by OMEGA Engineering, INC.  They are 
connected to the MAX31855 chip.  MAX31855 is a thermocouple amplifier and digitizer.  
It takes an analog voltage from the thermocouple, amplifies it, and then digitizes it. Then, 
the digital value is transferred to the microcontroller using Serial Peripheral Interface 
(SPI).  The thermocouple temperature sensors are located at the pump outlet, at the 
condenser inlet; another is located at the condenser outlet.  The precision integrated-
circuit temperature sensor is used to measure ambient temperature.  The output of this 
sensor goes to the analog to digital converter 3 (ADC3, Pin57) on the microcontroller 
board. 
 
b. Pressure Sensors: The pressure sensors output 0-5 VDC, these voltages correspond to 
the measured pressures.  The output of the sensor is connected to a voltage divider to 
produce 0-3.3 VDC, which is then input into the microcontroller ADC.  The Pressure 
Sensor 1 is located at the pump outlet and is connected to ADC2 (Pin 56) of the 
microcontroller.  The Pressure Sensor 2 is located at condenser outlet and is connected to 
ADC1 (Pin 55) of the microcontroller. 
 
c. Flow Meter: The coolant flow meter outputs 0-5 VDC.  This voltage corresponds to the 
amount of coolant being moved through the system in 1 minute interval.  The output is 
send to a voltage divider to produce 0-3.3V output voltage for ADC0 (Pin 54) of the 
microcontroller. 
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Figure 5: Schematic Showing the Location of the Various Sensors 
10. User Interface 
The selected user interface for this system is a unit that includes both the LCD screen and a 
keypad.  This unit is Matrix Orbital LK204-7T-1U.  The LK204-7T-1U has 3.2”x1.4” LCD 
screen, 7-key keypad, and uses I2C interface for communication between itself and the 
microcontroller.  It is powered by 5 V from 5 V header of the microcontroller board.  
 
At the system startup the user will be asked to enter the heat load and the condenser inlet 
temperature.  These values will be entered using up and down keys of the keypad on the user 
interface unit.  The final selection is made by pressing center key on the keypad.  The top left 
key of the keypad will be used to enter the menu.  During the operation the user interface unit 
will display 5 sensor reading: pump outlet temperature, condenser inlet temperature, 
condenser outlet temperature, ambient temperature and pump outlet coolant flow rate. 
II. Changes and Modifications 
Parker Hannifin has requested a design change in the amount of heat the cooling unit is required 
to remove from the cold plate. Their development of the non-variable load 4 kW model was in 
progress when the Senior Design I semester began, but their design was completed sooner than 
expected. Due to the fact that they completed the design of 4 kW and 8 kW standalone models 
faster than they anticipated, Parker Hannifin has changed the design requirement to cover the 
range from 2 kW to 4 kW of heat load removal in lieu of 4 kW to 8 kW. 
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The only change to the problem statement is the heat load dissipation requirement.  All other 
requirements, given parameters, design variables, limitations and constraints, and additional 
considerations remain as previously stated in the original report. 
1. Thermodynamic Analysis 
While the cooling unit is now required to remove less heat than originally intended, the 
thermodynamic model of the system will follow the same path.Refer to Figure 6 for the 
location of each state. 
 
Figure 6:  Two Phase Evaporative Cooling System Schematic 
State 1: The user sets the temperature at State 1 and it must also be at 70% quality during 
steady state operation. These two parameters place State 1 inside the vapor dome on the 
pressure versus enthalpy diagram meaning that the refrigerant is a mix of gas and liquid 
at this state. 
 
State 2: The two parameters that are used to set this state are the pressure and the 
temperature. The pressure drop across the condenser is provided by the manufacturer and 
will remain constant. The pressure drop of the refrigerant across the condenser was 
initially approximated at 9 kPa. The pressure drop is now exactly 6.843 kPa, which was 
determined from the condenser manufacturer’s product submittal. The temperature can 
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easily be measured during operation, but for the thermodynamic analysis it is assumed to 
be 5 C in the sub-cooled state. 
 
State 3: This state is assumed to be the same as State 2.  In the event that State 2 does not 
reach a sub-cooled state, the accumulator will use gravity to separate the vapor from the 
liquid to ensure that no vapor is sent to the pump. 
 
State 4: The two parameters that are used to set this state are the pressure and enthalpy. 
The change in pressure across the pump will be equal to the total pressure drop through 
the entire system, which includes pressure drops across the cold plate, condenser, piping, 
and accumulator. The change in pressure across the cold plate is not known since it will 
vary for each customer. It can easily be measured once the cold plate is connected to the 
system, but for the thermodynamic analysis it is assumed to be 20 Psi (138kPa), which is 
the maximum pressure drop that the cold plate could be designed to, as stated by Parker 
Hannifin.  As stated above, the pressure drop for the condenser is given by the condenser 
manufacturer and the pressure drop across the accumulator is negligible due to no 
significant property changes. The pressure drop through the piping system can also be 
considered negligible since it is designed for minimal pressure drop. The enthalpy does 
not change across the pump, thus allowing State 4 to have the same enthalpy as State 2. 
 
2. Refrigerant Flow Rate 
The excel program created to model the thermodynamic system was updated with the new 
heat load removal range and the condenser information specified by the condenser 
manufacturer.  Refer to Table 6 for a revised table of flow rates that will be used to size the 
pump. The heat load will only have five increments as opposed to the original nine 
increments. 
 
Table 6: Refrigerant Flow Rates Required Based on User Inputs 
Refrigerant Flow Rates, ࢂሶ  [LPH] 
4 [kW] 3.5 [kW] 3 [kW] 2.5 [kW] 2 [kW] 
50 °C 122.29 107.00 91.72 76.43 61.15
45 °C 115.45 101.02 86.59 72.16 57.72
40 °C 109.47 95.79 82.10 68.42 54.73
35 °C 104.21 91.19 78.16 65.13 52.11
30 °C 99.53 87.09 74.65 62.21 49.77
25 °C 95.34 83.42 71.50 59.59 47.67
20 °C 91.53 80.09 68.65 57.21 45.77
15 °C 88.09 77.08 66.07 55.06 44.05
10 °C 84.94 74.32 63.70 53.09 42.47
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3. Pump Selection 
The pump must be able to supply the flow rate required for the most demanding scenario, 
which is 122.29 LPH for a 4 kW heat load and a condenser inlet temperature of 50 °C. Since 
the maximum volumetric flow rate predicted is 122.29 LPH, the smallest of the three pumps 
detailed in the original report may be utilized, which provides flow rates up to 250 LPH 
 
4. Pipe Sizing 
Selecting the pipe size is an important part of the detailed design. The size of the pipe 
determines the velocity of the refrigerant in the pipe, as well as the pressure drop across the 
piping. The pipe size also plays a factor in the volume of fluid needed for the system. 
 
Available Sizes: The pipe sizes that are evaluated must be standard pipe sizes that are able to 
be manufactured. Table 7 lists the pipe sizes that are available for use and manufactured by 
Parker Hannifin.  
 
Table 7: Nominal pipe sizes along with inside diameter. 
Nominal Pipe Size (in) Inside Diameter (m) Inside Diameter (in) 
1/8 6.83E-03 0.269 
1/4 9.25E-03 0.364 
3/8 1.25E-02 0.492 
1/2 1.58E-02 0.622 
 
5. Condenser Sizing 
The original design called for two 4 kW condensers that would sit back to back.  Refrigerant 
would flow through each of them sequentially.  Since the load has been reduced by half, only 
one 4 kW condenser will be required.  Table 8 shows the performance data for one 4 kW 
condenser.  This data was selected by the condenser manufacturer and is based on the desired 
kW rating and the condenser face size. 
 
Table 8: Condenser Performance Data 
Condenser 
Rating (kW) 
 Face Size 
(in) 
Required 
Air Flow 
Rate 
(SCFM) 
Air 
Pressure 
Drop 
(inH20) 
Refrigerant 
Pressure Drop 
(in kPa) 
Refrigerant 
Flow Rate 
(in kg/s) 
4.545 20x20 1200 0.214 0.214 0.04 
 
 
6. Accumulator Sizing 
The decrease in overall refrigerant volume due to eliminating one condenser and reducing the 
size of the pipes requires a smaller accumulator than originally designed. The accumulator is 
sized on two points:  the smallest amount of liquid in the system and the largest amount of 
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liquid in the system. At the maximum inlet condenser temperature and ambient temperature, 
the outlet of the condenser will be a sub-cooled liquid with the highest amount of expansion. 
The accumulator is sized so that the liquid does not flood back into the condenser. The 
second point is the initial startup of the cooling unit. The minimum refrigerant volume occurs 
at this point and the accumulator must ensure that no vapor will enter the pump. Table 9 
shows the specifications of the resized accumulator. 
 
Table 9: Accumulator Information 
Est. Charge 5.9 lbs 
Amount Krytox 70.8 mL 
Accumulator Volume 9.75 lbs 
 
 
7. Fan Sizing 
The only difference between the fan used in the original design and the redesign is the static 
pressure drop of the air through the condenser. The fan was originally supposed to blow air 
through two condensers. Reducing the amount of condensers to one reduced the static 
pressure to 0.214” H20. The volumetric flow rate of the air will remain 1200 SCFM. 
Technically, the fan selected in the original design would work, but availability of parts has 
forced the use of a different fan. An EBM W3G300-BV24-01 will be used in lieu of the 
original fan. Refer to Appendix E for a selection sheet, fan curve, and drawing of the fan. 
 
8. Power Supply 
A different fan is to be used, and the power required for the fan may change slightly due to 
differences in current and voltage required.  The overall power of the cooling unit should 
remain around 467 W.  
 
9. Housing  
The housing design was altered to have rounded corners for a more modern look. The frame 
assembly including the legs and condenser platform were changed to create a more robust 
design. The bolt placement and door were also altered based on the new shape. The user 
interface was moved to the top of the unit for easy access. 
 
10. Control Scheme 
The control scheme was slightly adjusted to simplify it for use with the micro-controller. The 
only change with the user inputs is the heat load selection menu. The user is now offered heat 
loads between 2 and 4 kW in 0.5 increments instead of from 4 to 8 kW because of the change 
in the heat load requirement.  The complete code for the system can be found in Appendix L. 
 
a. Pump Flow Rate: Originally the pump flow rate was going to be adjusted during 
operation to better achieve the 70% quality but it was determined that it was unnecessary 
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to do so. The flow rate of the pump will be set based on the user inputs and will not 
change unless the inputs change. Equations can be made for each heat load that will 
calculate the pump flow rate, ሶܸ௣௨௠௣, based on the user inputs of heat load and condenser 
inlet temperature,	 ௜ܶ௡௟௘௧. Equations 8 – 12 can be derived by putting the data in Table 6 
into excel and plotting curves for each heat load.  
 
 Pump Flow rate equation for 2 kW: 
ሶܸ௣௨௠௣ ൌ ሺ0.0051ሻ ௜ܶ௡௟௘௧ଶ ൅ ሺ0.1531ሻ ௜ܶ௡௟௘௧ ൅ 40.54   (8) 
 
 Pump flow rate equation for 2.5 kW: 
ሶܸ௣௨௠௣ ൌ ሺ0.0064ሻ ௜ܶ௡௟௘௧ଶ ൅ ሺ0.1914ሻ ௜ܶ௡௟௘௧ ൅ 50.684   (9) 
 
 Pump Flow rate equation for 3 kW: 
ሶܸ௣௨௠௣ ൌ ሺ0.0077ሻ ௜ܶ௡௟௘௧ଶ ൅ ሺ0.2297ሻ ௜ܶ௡௟௘௧ ൅ 60.82   (10) 
 
 Pump Flow rate equation for 3.5 kW: 
ሶܸ௣௨௠௣ ൌ ሺ0.009ሻ ௜ܶ௡௟௘௧ଶ ൅ ሺ0.2679ሻ ௜ܶ௡௟௘௧ ൅ 70.957   (11) 
 
 Pump Flow rate equation for 4 kW: 
ሶܸ௣௨௠௣ ൌ ሺ0.0102ሻ ௜ܶ௡௟௘௧ଶ ൅ ሺ0.3062ሻ ௜ܶ௡௟௘௧ ൅ 81.094   (12) 
 
Using these equations simplifies the code but the pump flow rates may differ slightly from 
the theoretical values in Table 6. A sample calculation is done below to show that the 
calculated pump flow rate is not the same but is very close to the value from Table 6. The 
difference can be considered negligible in comparison to the fluctuations of the temperatures. 
Heat Load = 3 [kW] 
௜ܶ௡௟௘௧ ൌ 25ሾܥሿ 
Value from Table 6 = 71.5 ሾܥሿ 
ሶܸ௣௨௠௣ ൌ ሺ0.0077ሻሺ25ଶሻ ൅ ሺ0.2297ሻሺ25ሻ ൅ 60.82 ൌ 71.38	ሾܥሿ  
b. Fan Flow Rate: The fan flow rate will be controlled by the inlet temperature of the 
condenser as opposed to the outlet temperature of the condenser. At start up the user 
inputs the desired inlet temperature of the condenser. The micro-controller then plots 
a desired temperature curve for the inlet of the condenser using equation 13. The 
equation uses time constant, , that is based on the 2 minute timeframe as well as the 
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temperature difference between the current refrigerant temperature, T଴, and the 
selected condenser inlet temperature, Tୱ. Figure 7 shows an example curve using this 
Equation 13. The fan flow rate will be controlled using this curve by comparing it to 
the current condenser inlet temperature. If the current temperature is higher than the 
calculated temperature the fan speed will increase and if the refrigerant temperature is 
lower the fan speed will decrease. The fan will be used to try and force the refrigerant 
temperature of the unit to fit the smooth curve that is shown in Figure 7. 
	
T		 ൌ 	Tୱ 	െ	൭ ଵଶ౪ ∗ ൫Tୱ	–	T଴൯൱     (13) 
 
	
Figure 7: An example of a desired temperature for the system 
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Section II: 
Build Process 
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To build the conceptual design, a list of the components, materials, tools, and supplies was 
composed, and these items were ordered by Parker Hannifin. The bill of materials was 
continuously updated through the redesign and build process due to design changes, parts 
availability, and quotes from suppliers. The final bill of materials is located in Appendix A, and 
includes the description, supplier name, supplier part number, quantity per unit, quantity needed 
for order, material cost, and total material cost if applicable. 
As the supplies arrived, various sub-components of the prototype were constructed. The 
construction of the unit is briefly described in the following sections: testing stand construction, 
sheet metal enclosure, two-phase cooling construction, electronics assembly, housing assembly 
construction, and finishing touches. Each section is covered in detail below.  
I. Testing Stand Construction 
The final design features a sheet metal housing to enclose the components of the unit and provide 
the necessary structure required for the design. Due to the lead time for manufacturing the sheet 
metal housing, a testing stand was necessary to simulate the setup of the final design for the sake 
of testing and cooling implementation. The test stand was built from wood due to the low cost, 
ease of construction, and availability of necessary tools to fabricate the stand. 
In order to ensure that the aerodynamics and heat transfer of the testing stand are representative 
of the final design enclosed in sheet metal, the inner dimensions of the testing stand were based 
on the dimensions of the sheet metal enclosure. The framework of the stand was constructed 
using 2x4” structural members, while particle boards were used to form the base plate, middle 
plate, top, and side panels. Figure 7 shows the test stand with the framework, base plate, and the 
middle plate. The bottom plate and the legs screw into a frame made from 2x4” members. The 
center plate sits freely on supports that are screwed into the inside of each leg in order to easily 
insert and adjust the condenser and piping into the testing stand. The top panel screws into the 
top of the legs so the unit sits securely and will not flex or bend if moved.  
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Figure 8: Testing Stand Framework  
Figure 8 shows the fully assembled testing stand. The side panels are attached with screws to 
the framework, and a circular cut-out on the rear panel allows airflow to the fan. The front is 
left without a panel for the condenser to sit exposed to the open air, however the condenser is 
held in place with wooden brackets.  
 
Figure 9: Fully Assembled Testing Stand 
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II. Sheet Metal Enclosure 
The sheet metal enclosure was designed to be durable and rigid, yet lightweight and corrosion 
resistant. The enclosure was split into two main compartments: the top compartment, which 
houses the enclosure and fan, and the bottom compartment, which houses the accumulator, 
pump, flow meter, pressure transducers, and thermocouples. The enclosure was developed in 
Solidworks and features a 16 gauge sheet metal thickness. Each component was modeled and a 
drawing sheet created to be manufactured. Parker used a custom sheet metal fabricator located in 
Minnesota to fabricate the sheet metal, powder coat the sheet metal in a corrosive resistant paint 
to the color of our choosing, and assemble the enclosure using self-tapping, torx screws. Figure 
10 shows the delivered and assembled sheet metal enclosure. For the purposes of testing, the 
precision cooling unit will not be placed in the final enclosure until testing is complete due to 
scheduling of test facilities and the manufacturing schedule of the final assembly. Refer to 
Appendix G for all sheet metal enclosure drawings. Refer to Appendix K for sheet metal 
graphics. 
Figure 10: Sheet Metal Enclosure 
 
Stainless steel brackets were developed to support the major mechanical components and 
piping, by association. Stainless steel was chosen to prevent corrosion. The brackets were 
modeled in Solidworks and sheets drawings were created. The same company that fabricated 
the enclosure also fabricated the stainless steel brackets. Figures 11, 12, and 13 show the 
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brackets for the accumulator, pump, filter dryer, and flow meter, respectively. Refer to 
Appendix J for bracket drawings.  
 
Figure 11: Accumulator brackets 
 
Figure 12: Pump bracket 
 
Figure 13: Filter dryer bracket 
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III. Two-Phase Cooling Construction 
Brazing was performed by the in-house Parker professionals. First, the drawings for each 
copper pipe were reviewed, and the pieces of various sizes of copper tubing were cut from 
stock copper tube at Parker. Once the copper pieces were cut and bent, the required bends 
were performed to the drawing specifications for each pipe section containing a bend. The 
pipe sections were then cleaned and brazed together according to the assembly drawings 
provided. Each assembly was built with any additional connections required that were 
specified in the assembly drawings. Refer to Appendix H for copper drawings and Appendix 
I for assembly drawings. Once all assemblies were brazed together, a series of mechanical 
connections were required to finalize the full piping assembly within the context of securing 
the piping assembly that included all the major mechanical components to the testing stand, 
with the exception of the fan. This included four ORFS mechanical connections and the inlet 
and outlet connections. Figure 13 shows the assembled view of the testing stand without the 
sides panels for clarity. 
 
Figure 14: Assembled piping on the testing stand 
The 1/4” male npt connections on the pressure transducers were covered in Loctite sealant 
and screwed into their respective female npt fittings. The thermocouples were lowered into 
their respective fittings and tightened per the manufacturer’s specifications. Figure 15 shows 
the beginning of the processes of installing a thermocouple. 
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Figure 15:  Securing a thermocouple in the tee fittings 
 
Figure 16 shows an installed thermocouple in the precision cooling unit. 
 
Figure 16: Installed thermocouple 
The condenser, piping, and all other components in the cooling loop are placed in the unit in 
the already-brazed form. Cut-outs in the middle plate allow for the piping transition from the 
top compartment to bottom compartment between the condenser and accumulator, as well as 
the piping from the inlet of the cooling system to the inlet of the condenser. Figure 16 shows 
the inlet and outlet connections, attached to the testing chassis piping. 
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Figure 16: Inlet and Outlet Connections 
The other components in the bottom are secured with cut wooden supports screwed into the 
base of the testing stand, as seen in Figure 17. These supports help to protect the piping from 
bend stresses caused by the heavy components such as the flow meter, accumulator, and 
pump.  
 
Figure 17: Wooden Support Blocks on Test Stand 
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The fan is attached to the testing stand by means of screwing through the fan’s base onto the 
test stand where the fan hole is cut for air flow. The installed fan is seen in Figure 18. 
 
 
Figure 18: Fan Attachment onto Test Stand 
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IV. Electronics Assembly 
1. Component Installation 
The addition of the sensors follow the input location as specified in Figure 19. The sensors 
were attached to the piping with the proper fittings using threadlock when necessary to 
ensure tight connections.  
 
Figure 19: Schematic for Sensor Location 
The fan, pump, and sensors are wired to the electrical control box, located in the bottom 
compartment, while any loose wires are held securely to the sides of the frame with adhesive 
cable tie mounts.  
The pressure transducers used are the NOSHOK 200 Series Voltage Output Pressure 
Transducers manufactured by NOSHOK, Inc. A pressure transducer was placed at the pump 
outlet and condenser outlet. The sensors output 0 to 5 volts proportional to a pressure of 0 to 
500 psi. The voltage produced by the pressure transducers will be in the range of 0 to 5 volts. 
These voltages are then run through the sensor circuit. The sensor circuit output voltages 
range from 0 to 3.3 volts, and these voltage readings will be converted to a pressure reading 
by software on the microcontroller. A photo of the pressure transducer is shown in Figure 20. 
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Figure 20: NOSHOK Pressure Sensor 
The flow meter used is a Proteus 8000 Series liquid flow meter, rated for 0.05 to 0.3 gpm. 
The flow meter is placed after the pump, before the outlet of the system. The output from the 
flow meter is a 0 to 5 VDC signal to the sensor circuit. Output of the sensor circuit is then 
sent to the microcontroller. The flow meter is shown in Figure 21. 
 
Figure 21: Proteus 8000 Series Flow Meter 
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The refrigerant temperature thermocouples used were K-type thermocouples made by 
Omega. These came in lengths of 26” with one end a plastic terminator to connect to the 
breakout board. The thermocouples were placed to measure refrigerant temperature at the 
inlet and outlet of the condenser. Figure 22 shows a photo of the thermocouple used at each 
location. The thermocouple connections were sealed with threadlock to ensure a tight seal. 
 
Figure 22: Refrigerant Temperature Thermocouple Placement 
The ambient temperature sensor is Analog Devices TMP36.  It is located on the edge of the 
middle plate outside the condenser panel, as seen in Figure 23. 
 
Figure 23: Ambient Temperature Thermocouple Placement 
The user interface is Matrix Orbital LK204-7T-1U LCD display with 7 keys keypad.  This 
device is mounted to the top panel of the testing stand using four screws, as seen in Figure 
24. This device receives power and communicates with the microcontroller using four wires: 
two wires for power, two wires for IIC Serial Clock and IIC Serial Data. These wires are run 
discretely inside the housing and connected to the appropriate terminals on microcontroller 
board. 
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Figure 24: Matrix Orbital LK204-7T-1U Mounted on Testing Stand 
The microcontroller board is attached to the inside of the electrical box using four screws.  
Plastic spacers, seen in Figure 25, are used to keep microcontroller board away from the box 
and other devices. 
 
 
Figure 25: Microcontroller Board Mounted on Electrical Box 
The power supply unit is mounted on a DIN rail. The DIN rail is directly attached to the 
electrical box, as seen in Figure 26. Circuits for the pressure sensors, flow meter and fan 
speed control are soldered to the perforated prototype board. This board is attached to the 
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electrical box in the same manner as the microcontroller board, four screws with plastic 
spacers, as seen in Figure 27. The pump control board is provided by the Parker.  It is 
installed in the electrical box using screws and plastic spacers, as seen in Figure 28. 
 
 
 
 
Figure 26: Power Supply Installation 
 
 
Figure 27: Prototype Controller Board 
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Figure 28: Pump Control Board 
 
2. Sensor and Fan Speed Control Circuits 
The speed of the fan is controlled by a voltage sent to the fan. When the voltage is 0 V, fan is 
in standby mode. When the voltage is 1 V, the fan is running at minimum speed. When the 
voltage is 10 V, the fan is running at maximum speed. The microcontroller is able to provide 
voltages corresponding to standby and minimum speed, however, the maximum voltage that 
the microcontroller can provide is 3.3 V. By design the microcontroller board is able to 
output 0-3.3 V. We designed a special circuit to amplify the output of the microcontroller 
board to provide us with the full range of voltages for the fan speed control. This circuit 
consists of amplifier and two resistors. The resistors form a feedback network that determines 
the gain. 1 kOhm and 2 kOhm resistors are used in the feedback network. This provides gain 
of 3. This gain increases 0-3.3 V to 0-9.9 V and provides us with full range of voltages for 
fan speed control. 
 
The pressure sensors and flow meter output their measurements in the form of voltage, 
between 0-5 V. The microcontroller is designed to receive voltages from 0 to 3.3 V. If the 
sensors take measurements toward the upper end of the scale, approaching 5 V, this voltage 
is higher than the voltage that microcontroller board is designed to receive, this can damage 
microcontroller board. To overcome this problem, we designed a special circuit. This circuit 
is consists of unity gain buffer and a voltage divider. The unity gain buffer transfers the 
voltage that represents measurement from the sensor to the voltage divider without altering it. 
The voltage divider reduces the sensor voltage to the level that will not damage the 
microcontroller board. The unity gain buffer is provided by Analog Devices OP484 quad 
operational amplifier. The voltage divider is formed by 1.7 kOhm and 3.3 kOhm resistors. 
The voltage across the 3.3 kOhm resistor is sent to the microcontroller. This way when the 
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sensor measures its maximum value, it output 5 V, this 5 V is reduced to 3.3 V and 
microcontroller receives value corresponding to the value measured by the sensor. 
 
3. Electrical Wiring 
The unit receives complete power supply from a wall outlet of 120 VAC. A power entry unit 
is used to provide an easy ON/OFF switch and also to provide safety feature in the form of 
integrated circuit breaker, as seen in Figure 29. 
 
 
Figure 29: ON/OFF Switch 
  
Inside the unit, the 24 VDC power supply and AC-to-DC adapter are connected to the power 
entry module.  16 AWG wire is used to connect 24 VDC power supply and AC-to-DC 
adapter to the power entry module. The 24 VDC power supply is used to power the pressure 
sensors, flow meter, pump and fan.  It is connected to the power entry module with three 16 
AWG wires, Live, Neutral, Safety Ground. The AC-to-DC adapter is used to power the 
microcontroller board.  It is connected to power entry module using two wires, Live and 
Neutral. 
 
The pressure sensors are NOSHOK Series 200 pressure transducers. They use three wires, 
red for supply, black for common, white for output. The supply (red) was connected to the 
positive terminal of 24 VDC power supply, common (black) was connected to the negative 
terminal of the power supply; output (brown-gold) was connected to our sensor circuit 
described previously. 16 AWG wire was used for the supply and common connections, 22 
AWG wire was used for the output. The output of the sensor circuit uses 22 AWG wire to 
connect the circuit to the microcontroller board. The Pump Outlet pressure sensor is 
connected to the microcontroller board ADC, ANALOG IN A1 terminal. The Condenser 
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Outlet pressure sensor is connected to the microcontroller board ADC at ANALOG IN A2 
terminal. 
 
Flow meter is Proteus 8000 series. The unit we were given had to be manually switched to 
output readings using 0-5 V.  This device uses 4 wires, red for supply, black for ground, 
brown for voltage output, green for analog ground. Supply was connected to the positive 
terminal of power supply, ground was connected to the negative terminal of the power 
supply, analog ground was also connected to the negative terminal of power supply, voltage 
output was connected to our sensor circuit.  This device comes wired already.  The sensor 
circuit is uses 22 AWG wire to send output to the ADC on microcontroller board at terminal 
ANALOG IN A3. 
 
Pump is Parker 250 LPH small pump. It uses three wires, red for supply, black for ground, 
black for pump speed control voltage.  Supply was connected to the positive terminal of the 
power supply, ground was connected to the negative terminal of power supply.  The pump 
speed control is connected to DAC0 terminal of the microcontroller board.  These three wires 
plug into the J2 socket on the pump controller board.  The pump plugs into J1 socket on the 
pump control board. 
 
Fan is EBM-Papst W3G300-BV24-01. It uses three wires, black for supply, brown for 
ground, yellow for speed control voltage.  We used 16 AWG wire to connect supply to 
positive terminal of the power supply, ground to negative terminal of the power supply.  
Speed control wire was connected to our fan speed control circuit using 22 AWG wire. 
Ambient temperature sensor is Analog Devices TMP36.  This sensor uses three wires, 3.3 V 
supply, ground, output.  It is connected to the microcontroller board using 22 AWG wire.  3.3 
V supply is connected to the 3.3 V terminal on the microcontroller board, ground is 
connected to the ground (GND) terminal on the microcontroller board.  Output is connected 
to multiterminal ADC on the microcontroller board.  This sensors uses terminal ANALOG 
IN A0. 
 
The thermocouples used in the project are K-type. They are connected to breakout boards.  
These breakout boards use Maxim Integrated MAX31855 chips to convert analog voltages 
from the thermocouples to the digital values, the digital values are then sent to the 
microcontroller board.  22 AWG wire is used to connect breakout boards to the 
microcontroller.  Five wires are used for the connections: supply, ground, data out, clock, 
chip select.  Supply is connected to the 3.3 V terminal on microcontroller board, ground is 
connected to ground terminal on the microcontroller board.  The two thermocouples share the 
data out and clock lines, these lines are connected to SPI header on the microcontroller 
board.  The thermocouples are located in two places in the unit, at condenser inlet and at 
condenser outlet.  Each thermocouple is selected using Chip Select line.  Condenser inlet 
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thermocouple is selected by SPI-CS1 which is PWM Pin 10 on the microcontroller board.  
Condenser outlet thermocouple is selected by SPI-CS0 which is PWM Pin 4 on the 
microcontroller board. 
 
4. Communication 
This project uses three communication buses, they are: USB, IIC (i2c), SPI.   
The USB is used to communicate between the microcontroller board and external computer.  
This protocol is used to program the microcontroller, it is also used to receive information 
from the microcontroller.  The received information contains measurements from the sensors 
installed in the unit.  We will use data received over the USB to plot the data in Excel for 
demonstration and evaluation. IIC (i2c) bus is used internally within the unit and is not used 
to communicate with external devices. This bus uses only two lines, they are SDA and SCL.  
SDA stands for Serial Data, this line is used to transmit data from master to slave and from 
slave to master, on microcontroller board it is COMMUNICATION Pin 20.  SCL is Serial 
Clock, this line is used for clock signals needed to control serial communication, 
microcontroller board it is COMMUNICATION Pin 21.  i2c is used to send information to 
user interface for display to the user.  It is also used to receive key presses from the user 
interface. 
 
SPI is Serial Peripheral Interface, this bus is also used to communicate within the unit, and is 
not for communication with any external device.  It is used to communicate with the 
thermocouple breakout boards.  In this case we are only interested in receiving data from the 
breakout boards, therefore only three lines of SPI bus are used, the MISO, CS and Clock.  
MISO stands for Master In Slave Out.  Master is the microcontroller board, slaves are the 
breakout boards.  MISO means that master will receive data from slave, slave will send data 
to master.  CS stands for chip select, these lines are used to select which breakout board will 
send information to the master.  Clock is the clock signal needed to control serial 
communication. 
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Section III: 
Testing 
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I. Testing Parameters 
 
1. Testing Parameters of Mechanical System 
The mechanical system includes the ability to remove the specified heat load, maintain 
quality, stay within the required temperature ranges, and function in the given ambient 
conditions. 
 
a. The system must remove any heat load in the range of 2-4 kW in 0.5 kW increments. 
In order to provide the cooling unit with 2-4 kW of heat, we will use an array of cold 
plates adhered to electric resistive heaters. We will vary the heat load applied by turning 
the heaters on incrementally to give a heat load in the range 2-4 kW. Since this is 
Parker’s testing apparatus, the heaters are already calibrated. 
 
b. The inlet of the condenser must operate at a maximum 70% quality at steady state. 
Quality must be calculated using the heat load, the mass flow rate, and the enthalpy at the 
inlet of the cold plate. It cannot be directly measured. 
 
c. The inlet temperature of the condenser will be specified by the user and cannot exceed 
50°C while maintaining a 10 - 20°C temperature differential above the ambient 
temperature. 
The temperature at the inlet of the condenser will be measured with a thermocouple.   
We will use programming to make sure that the differential between the inlet of the 
condenser and the ambient stays between 10 to 20 °C. The menu selections available to 
the user will only include values within allowable range. The differential can also be 
calculated by hand using the measured data.  
 
d. The system must reach steady state, a temperature of ± 1°C from the user set condenser 
inlet temperature, within 2 minutes of the heat load introduction to the system. 
The variation in time required to reach steady-state can be adjusted through the control 
system by changing the run parameters for the fan speed, and secondly, the pump speed. 
In order to determine if the system can reach steady state in the allotted time, each test 
run must be analyzed. 
 
e. The system will be located indoors and must operate at ambient temperatures of  
0 – 40 °C. 
The cooling system is designed to operate within the required temperature range. Parker’s 
testing facility allows the ambient temperature to be controlled precisely using two air 
conditioners and an electric unit heater. 
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f. The system must operate at humidity levels of 0 - 95% 
The cooling system is designed to operate within the required humidity range. The 
system was unable to undergo humidity testing at the extremes of the 0 – 95% range due 
to test unit mobility limitations.With lack of inability to control humidity during testing, 
Parker Hannifin has checked the design and verified acceptable operation of the system 
within the specified humidity range. 
 
2. Testing Methods of the System Construction 
The system construction includes the physical size and weight, noise level, clearance 
required, and budgetary allowance.  
 
a. The system must be 24x24x36” or smaller. 
The outermost dimensions of the enclosure will be measured using a tape measure. 
 
b. The weight of the system must be 250 lb or under. 
The weight of the system will be measured using a large scale. 
 
c. The noise level of the system must be maintained at 75 dBa or under at a distance of 1 
meter from the system. 
The decibel level produced will be measured with a decibel meter at a length of 1 meter 
from every side of the prototype, measured with a tape measure. 
 
d. The system must maintain proper clearance so to not obstruct the fan air flow across the 
condenser.  
Proper clearance distances will be established using a tape measure during prototype 
operation to determine the smallest clearance required. 
 
e. The system prototype must be completed under a budget of $8,000 and delivered to 
Parker Hannifin by May 2013. 
The final bill of materials will determine the final cost of the project. 
 
 
II. Test Method 
 
The two-phase evaporative cooling unit was testing using Parker’s testing facilities. The room 
used for testing contains two space air conditioners that have the ability to provide up to 15 tons 
of cooling. The room also has electric resistive unit heaters that provide heating. Using a 
combination of the air conditioners and heaters, a specific room temperature could be achieved. 
The two-phase evaporative cooling unit was connected to an array of cold plates that are adhered 
to electric resistive heaters that provide the necessary amount of heat for each test. The heaters 
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were controlled by a custom Simulink interface that was programmed by Parker.  The cases 
tested are shown in Table 10. 
 
Table 10: Test Cases 
Heat 
Load 
(kW) 
2 2 2 2 2 3 3 3 3 3 4 4 4 4 4 
Ambient 
Temp.  
(°C) 
0 0 20 20 40 0 0 20 20 40 0 0 20 20 40
Desired 
Inlet 
Temp.  
(°C) 
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
 
 
III. Testing Procedure 
 
Caution:  Do not engage the heat source until setup is complete. 
 
1. To Set Up Data Acquisition System (If Desired): 
 
a. To log sensor readings from the unit make sure that the plx-daq (Parallax Data 
Acquisition) software is installed on the computer. 
 
b. Connect the unit to the computer via the USB cable. 
 
c. Open the plx-daq software spreadsheet, select the correct com port, set the baud to 9600, 
and check the RESET ON CONNECT box, as seen in Figure 30. 
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Figure 30: Parallax Data Acquisition Screen 
d. Press the connect button to connect the software to the microcontroller. The table should 
be formatted automatically, but no data is logged at this time. 
 
e. Once the heat load and temperature are selected through the user interface of the unit, as 
described in Part II below, the plx-daq software should start to log data on to the 
computer. 
 
f. Once the steps in Part II for the test cycle are complete, press the disconnect button on the 
plx-daq software and save the data in the desired location. 
 
2. To Set Up the Cooling System: 
 
a. Connect the power cord to a power outlet. Reference Figure 31. 
 
 
Figure 31: Power Plug to Outlet 
50 
 
 
b. Turn the unit on by flipping the ON/OFF switch located on the right hand side. The 
switch in the down position is OFF, and the switch in the up position is ON. Reference 
Figure 32. 
 
Figure 32: ON/OFF Switch 
c. At this time, the user interface will turn on. The user interface is located on top of the 
unit. Figure 33 shows the interface screen and keypad, with each button labeled with its 
function. 
 
Figure 33: User Interface Screen and Key Function Description 
 
d. The first selection screen, seen in Figure 34, will prompt the user to select a heat load 
upon start-up. Use the DOWN SELECT key to scroll to the heat load desired. When the 
cursor is highlighted next to the desired heat load, press the ENTER key to select that 
heat load. 
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Figure 34: Heat Load Selection Screen 
e. The second screen, seen in Figure 35, will prompt the user to select an operating 
temperature for the inlet of the condenser from the list of available inlet temperatures 
between 10 and 20 °C above ambient. Use the DOWN SELECT key to scroll to the inlet 
temperature desired. When the cursor is highlighted next to the desired inlet temperature, 
press the ENTER key to select that temperature. 
 
 
Figure 35: Inlet Temperature of Condenser Selection Screen 
f. The set-up of the system is now complete. At this time, the unit will read the start 
temperature at the inlet of the condenser and begin controlling the system. All sensor 
values will be displayed on the user interface. A heat source can now be applied to the 
system.  
 
 
3. To Test the Unit at a Desired Heat Load: 
 
a. Follow section I to set up the data acquisition system if desired, and section II to set 
up the cooling system prior to testing a desired heat load. 
 
b. Engage the heat source at the associated heat load. 
 
c. Verify that the pump flow is greater than 0 LPH. If the pump flow is not greater than 
0 LPH, disengage the heat load to avoid damaging the testing equipment. 
 
d. Allow the unit to run for the desired time for the test. Collect data if necessary. 
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e. Once testing is complete, disengage the heat source. 
 
f. Once the test cycle is complete and the heat source has been disengaged, press the 
MENU key to return to the heat load selection screen. A new heat load and inlet 
temperature may now be selected. 
 
g. Allow refrigerant temperature to cool within 3 °C of ambient temperature. Repeat 
steps 1-7 as desired to test different heat loads and inlet temperatures. 
 
IV. Test Results 
The temperature sensor data logged by the microcontroller in the cooling unit is presented in 
Figures 36 through 50. The title of each plot displays the heat load that was to be removed, the 
ambient temperature the test case was run at, and the temperature delta that was chosen. In the 
legend, the selected inlet temperature the system was set at is shown, as well as the display 
colors for user selected temperature, calculated temperature, and the condenser inlet temperature 
that was read by the thermocouple. The plots show degrees Celsius per second for the duration of 
each test. For many of the test cases, as previously discussed in Table 9, there were numerous 
runs performed. The best cases were evaluated and included below. 
 
Figure 36: Cooling Unit Temperature Readings for 2 kW Heat Load, Ambient Temperature 0°C, 
and Selected Inlet Temperature 10°C 
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Figure 37: Cooling Unit Temperature Readings for 2 kW Heat Load, Ambient Temperature 0°C, 
and Selected Inlet Temperature 20°C 
 
 
Figure 38: Cooling Unit Temperature Readings for 2 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 30°C 
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Figure 39: Cooling Unit Temperature Readings for 2 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 40°C 
 
 
Figure 40: Cooling Unit Temperature Readings for 2 kW Heat Load, Ambient Temperature 
40°C, and Selected Inlet Temperature 50°C 
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Figure 41: Cooling Unit Temperature Readings for 3 kW Heat Load, Ambient Temperature 0°C, 
and Selected Inlet Temperature 11°C 
 
 
 
Figure 42: Cooling Unit Temperature Readings for 3 kW Heat Load, Ambient Temperature 0°C, 
and Selected Inlet Temperature 20°C 
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Figure 43: Cooling Unit Temperature Readings for 3 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 30°C 
 
 
 
Figure 44: Cooling Unit Temperature Readings for 3 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 40°C 
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Figure 45: Cooling Unit Temperature Readings for 3 kW Heat Load, Ambient Temperature 
40°C, and Selected Inlet Temperature 50°C 
 
 
 
Figure 46: Cooling Unit Temperature Readings for 4 kW Heat Load, Ambient Temperature 0°C, 
and Selected Inlet Temperature 11°C 
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Figure 47: Cooling Unit Temperature Readings for 4 kW Heat Load, Ambient Temperature 0°C, 
and Selected Inlet Temperature 20°C 
 
 
 
 
Figure 48: Cooling Unit Temperature Readings for 4 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 31°C 
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Figure 49: Cooling Unit Temperature Readings for 4 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 40°C 
 
 
 
 
Figure 50: Cooling Unit Temperature Readings for 4 kW Heat Load, Ambient Temperature 
40°C, and Selected Inlet Temperature 50°C 
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The temperature sensor data logged by Parker Hannifin’s test equipment is presented in Figures 
51 through 64.The title of each plot displays the heat load that was to be removed, the ambient 
temperature the test case was run at, and the temperature delta that was chosen. In the legend, the 
selected inlet temperature the cooling system was set at is shown, as well as the display colors 
for the chassis rack two-phase temperature, the chassis rack surface temperature, and the 
temperature delta between the two-phase temperature and the ambient temperature. The plots 
show degrees Celsius per second for the duration of each test. For many of the test cases, as 
previously discussed in Table 1, there were numerous runs performed. The best cases were 
evaluated and included below. 
It is important to note that the temperatures of the test chassis refrigerant temperatures are higher 
than the selected inlet temperatures of the cooling unit. The user set temperature is the 
temperature that the unit must maintain, not the temperature of the cold plate that the unit is 
removing heat from. This temperature difference takes place because the refrigerant is slightly 
cooled in the exposed tubing that it runs through between the cooling unit and the test 
equipment. This temperature difference is consistent for each test. 
 
 
Figure 51: Test Equipment Temperature Readings for 2 kW Heat Load, Ambient Temperature 
0°C, and Selected Inlet Temperature 10°C 
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Figure 52: Test Equipment Temperature Readings for 2 kW Heat Load, Ambient Temperature 
0°C, and Selected Inlet Temperature 20°C 
 
 
 
Figure 53: Test Equipment Temperature Readings for 2 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 30°C 
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Figure 54: Test Equipment Temperature Readings for 2 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 40°C 
 
 
 
Figure 55: Test Equipment Temperature Readings for 2 kW Heat Load, Ambient Temperature 
40°C, and Selected Inlet Temperature 50°C 
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Figure 56: Test Equipment Temperature Readings for 3 kW Heat Load, Ambient Temperature 
0°C, and Selected Inlet Temperature 10°C 
 
 
 
 
Figure 57: Test Equipment Temperature Readings for 3 kW Heat Load, Ambient Temperature 
0°C, and Selected Inlet Temperature 20°C 
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Figure 58: Test Equipment Temperature Readings for 3 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 30°C 
 
 
 
Figure 59: Test Equipment Temperature Readings for 3 kW Heat Load, Ambient Temperature 
40°C, and Selected Inlet Temperature 50°C 
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Figure 60: Test Equipment Temperature Readings for 4 kW Heat Load, Ambient Temperature 
0°C, and Selected Inlet Temperature 10°C 
 
 
 
Figure 61: Test Equipment Temperature Readings for 4 kW Heat Load, Ambient Temperature 
0°C, and Selected Inlet Temperature 20°C 
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Figure 62: Test Equipment Temperature Readings for 4 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 30°C 
 
 
 
Figure 63: Test Equipment Temperature Readings for 4 kW Heat Load, Ambient Temperature 
20°C, and Selected Inlet Temperature 40°C 
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Figure 64: Test Equipment Temperature Readings for 4 kW Heat Load, Ambient Temperature 
40°C, and Selected Inlet Temperature 50°C 
V. Calculations 
 
1. Quality 
The system is required to operate with a maximum refrigerant quality of 70% at the inlet of 
the condenser. During the design phase a thermodynamic analysis was done which used this 
70% quality requirement to calculate the desired flow rate for each heat load and at various 
temperatures. Using this data pump flow rate curves were developed for each heat load that 
are used to get the unit as close to that 70% quality as possible without going over it. The 
quality at that state cannot be directly pulled from a table or chart since this state is inside the 
vapor dome. However; the quality can be calculated using the test results from the testing on 
the unit and by way of Equation 14.  
ሶܳ ൌ ሶ݉ 	∆݄      (14) 
This equation can be used to calculate the change in enthalpy across the cold plate. This can 
be done because the heat load, (Q,) ̇ is known since it is selected by the user and the mass flow 
rate, m ̇, can be calculated using Equation 15. The liquid density of the refrigerant is used 
since that is the density of the fluid at the time the volumetric flow rate is calculated. The 
mass flow rate of the system does not change at each state but the volumetric flow rate does. 
ሶ݉ 	 ൌ ሶܸ ߩ ∗ 1/ሺ3600000ሻ     (15) 
In order to use the change in enthalpy to determine the state at the outlet of the cold plate the 
enthalpy at the inlet of the cold plate must be known. This enthalpy can be pulled from a table 
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or chart since it is outside the vapor dome and both the pressure and temperature are known 
from sensors. The enthalpy at the outlet of the cold plate can then be calculated and used in 
conjunction with the temperature to find the quality from a table or graph. An example of this 
calculation is done below using a steady state point from the test at 4kW, 20°C ambient, and 
31°C selected condenser temperature.  
ሶܸ  ̇= 108 [LPH] 
ρ= 1191.47 [kg/m^3] 
௜ܶ௡௟௘௧ = 29C 
௜ܲ௡௟௘௧= 163 [psi] = 1131 [kpa] 
௢ܶ௨௧௟௘௧ ൌ 	31	ሾ°ܥሿ	
݄௜௡௟௘௧ = 240.27 [kJ/kg] 
ሶܳ ൌ 4 [kW] 
ሶ݉ ൌ ሺ ௏ሶ ఘଷ଺଴଴଴଴଴ሻ		= 
ሺଵ଴଼ሻሺଵଵଽଵ.ସ଻ሻ
ଷ଺଴଴଴଴଴  = 0.0357 [kg/s] 
݄௢௨௟௘௧ ൌ ொሶ௠ሶ ൅ ݄௜௡௟௘௧= 4/0.0357+240.27 = 352.3 [kJ/kg] 
Quality = 65% 
The quality could not be found for every test because of inaccurate pressure readings at ambient 
temperatures of 0°C and 40°C. Table 11 shows the quality of the tests that had accurate sensor 
readings.  
Table 11: Calculated Quality for Different Tests at Steady State 
Heat 
Load 
[kW] 
Ambient 
Temp. 
[°C] 
Selected 
Temp. [°C] 
Quality
2 20 30 0.49 
2 20 40 0.52 
3 20 40 0.63 
4 20 30 0.64 
4 20 40 0.59 
4 20 40 0.65 
4 20 40 0.62 
4 20 40 0.62 
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2. Noise Level 
The unit has a noise level constraint of 75db at a distance of 1 meter away during operation. A 
tape measure was used to measure a distance of 1 meter away from the unit. The fan was then 
turned on to full speed and a decibel reader was placed at that mark to measure the noise level of 
the unit. The reader showed a decibel level of 74db which meets the noise constraint on the unit, 
74 decibels is a comparable amount of noise to city traffic.  
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Section IV: 
Evaluation & Recommendations 
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Once the testing of the unit is completed the evaluation and recommendation process can be 
done. The test data can be used to check that all of the requirements that were stated in the 
beginning of the project are met. If some of the desired outcomes were not met recommendations 
need to be made to fix the unit in order to try and meet those desired specifications. An 
evaluation of the individual components of the unit is done as well to determine if any of them 
did not work as planned and needs replaced.  
I. Requirements and Specifications 
 
1. Heat Load Removal 
The system is required to remove any heat load in the range of 2-4 Kw in 0.5 kW increments. 
The controls of the system were set up to allow the user to select heat loads of 2, 2.5, 3, 3.5, 
and 4. The testing was done using a heat source that allowed control of the size of the heat 
load that was being applied to the unit. Based on the test results the unit was able to handle the 
required heat load range and so therefore this requirement was met.  
 
2. Quality 
The system is required to operate at with a maximum refrigerant quality of 70% at the inlet of 
the condenser. During the design phase a thermodynamic analysis was done which used this 
70% quality requirement to calculate the desired flow rate for each heat load and at various 
temperatures. The quality could not be found for every test because of inaccurate pressure 
readings at ambient temperatures of 0C and 40C. The tests that have accurate pressure 
readings show that the quality is close too but below that 70% quality restriction. The quality 
is entirely dependent on the heat load and the flow rate of the refrigerant.  These tests show 
that the flow rates from the thermodynamic model are accurate. Therefore; it can be said that 
the refrigerant is below 70% quality if the flow rate of the unit, at steady state, is the same or 
slightly higher than what the thermodynamic model predicts for those selected conditions. 
However; the evaluation of quality brought to light some issues that should be fixed. The 
pressure sensors that were used were not reliable at the temperature extremes that the unit 
might be subjected to. Different pressure sensors should be used that are more reliable and can 
provide more accurate readings for the unit. The flow rate of the refrigerant was adequate to 
meet the given quality requirement but some changes could be made to the program to bring it 
closer to that 70%. The program uses an equation to calculate the refrigerant flow rate based 
on the selected heat load and temperature. The equation produces a value that is slightly off 
from the value produced in the thermodynamic model. Instead of using an equation it would 
be better if the values could be pulled straight from the table that was produced from the 
thermodynamic model. This cannot be done with the current hardware so a more robust 
micro-controller would need to be used. 
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3. Operating Temperatures 
Another requirement of the system is that the inlet temperature of the condenser will be 
specified by the user and cannot exceed 50 °C while maintaining a 10 - 20°C temperature 
differential above the ambient temperature. When the user is selecting the operating 
temperature for the unit they are only given options that are 10 - 20C above ambient and are 
below 50C. This ensures that this requirement is always met once the unit has reached steady 
state. 
 
4. Steady State  
The system must reach steady state, a temperature of ± 1°C from the user set condenser inlet 
temperature, within 2 minutes of the heat load introduction to the system. In almost all cases 
the unit was able to reach and maintain the described steady state. The cases that did not reach 
the desired steady state did reach a state of steady oscillation but the oscillations were bigger 
than ± 1°C. This is due to the fact that the air speed required to maintain a steady state was 
lower than the unit’s fan was able to achieve so it would cycle on and off causing the 
oscillations. The desired 2 minute time frame for the unit was not achieved. It was found that 
at the higher temperature differentials it would take the unit longer than two minutes to heat 
up even without the fan on. Even at the lower temperature differentials it was really close to 
two minutes.  
 
5. Power Consumption 
The system’s electrical components were required to have a maximum power consumption of 
1.5 kW.  The actual consumption of the system was less than 800 W which is almost half of 
the maximum power consumption that is required. 
 
II. Limitations and Constraints 
 
1. Size  
The size of the unit was required to be smaller than a 24” x 24” x 36” box. The actual size of 
the unit is 24” x 20” x 32” which meets the size requirement for the unit. The measurements 
were taken with a tape measure as described in the testing parameters. 
 
2. Weight  
The weight of the unit was required to be less than 250lbs. The actual weight of the unit 
without refrigerant was 170lbs, which was determined on Parker’s weight measurement scale. 
This is well below the 250lb limit set on the weight of the unit. 
 
3. Noise 
The noise level of the unit during operation was required to be under 75db at a distance of 1 
meter from the unit. The noise level was tested using a sound level meter from Radio Shack 
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held at 1 meter from the unit, tested from multiple locations. The sound level was measured to 
be 74db which meets the noise level requirement. 
 
4. Budget 
The unit was required to be completed and given to Parker Hannifin during the month of May 
and to have a total cost under $8000. The unit was delivered to Parker Hannifin in mid-June 
after the testing process had been completed. The cost of the unit was slightly higher than the 
desired $8000 dollars due to late design changes. The late design changes forced expedited 
manufacturing on some of the metal parts which increased the price.  
 
III. Individual Components 
 
1. Condenser 
The condenser performed as expected and allowed the removal of all the desired heat loads 
without requiring much air flow from the fan. 
 
2. Fan 
 The fan worked well for the cases with a high heat load and small temperature differential. 
The fan only reached 66% of its max air flow capability during the most demanding test of 
4kW, 40C ambient temperature, and 50C refrigerant temperature. However; at the higher 
temperature deltas, the fan was not able to achieve the low speeds that were needed to 
maintain a constant temperature. The air flow required at these settings was so small that the 
fan would cycle on and off, causing major temperature oscillations. It is recommended that 
the fan is replaced by either a single small fan that can still achieve the higher air flow 
required, or several smaller fans that will allow even more air flow control.  
 
3. Pump  
The pump was properly sized and was able to achieve all the refrigerant flow rates that were 
needed. However; the pump flow rates were slightly off from the desired flow rates which can 
be attributed to a simplified control scheme. If a more precise flow rate is desired, it is 
recommended that a more robust control scheme be used.  
 
4. Housing 
 The housing was properly sized to fit all of the components with adequate clearance. 
Although the housing was sturdy once fully assembled, it was found that the gage of sheet 
metal selected was slightly too thin which allowed buckling during the assembly process. The 
buckling of the sheet metal during assembly led to the bolt holes not aligning properly, which 
made it harder than expected to assemble. It is recommended that a larger gage of sheet metal 
is used to prevent the buckling. It is also recommended that all the through-holes be slightly 
larger than required by dimension to give more tolerance with the bolt hole alignment. 
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5. Pressure sensors 
 The pressure sensors were rated properly for both the temperature and the pressure, however 
they did not perform as expected. They worked well when the unit was subjected to 20C 
ambient temperatures, but had imprecise and sometimes inaccurate readings when the unit 
was subjected to ambient temperatures of 0C and 40C. It is recommended that a different 
style of pressure sensor is used that allows the readings to be more reliable. 
 
6. Temperature Sensors 
 The temperature sensors worked as expected for all tests that the unit underwent. The only 
issue with the temperature sensors was their physical size. The probe was several inches long 
when only the tip was used. It is recommended that shorter temperature sensors be used which 
will allow placement in a tighter space. 
 
7. User Interface 
  The user interface worked well for the purposes of testing but would not work well for a 
finished product. It is recommended that a larger touch screen is used instead of the smaller 
block-style screen with attached buttons. The larger touch screen would allow for more 
customizability, more information to be displayed, and an overall more professional look.  
 
8. Control Scheme 
  The control scheme proved that the physical system was able to handle the heat load and 
temperature demands on the system. However; the control scheme that was used worked very 
well in some cases, but not as well in others due to its general nature. It was discovered that 
the higher heat load and smaller temperature delta tests required much different controls than 
the tests done with larger temperature deltas. It is recommended that either the range of 
temperatures offered to the user is made smaller or that a more robust control scheme is used 
that is capable of handling the range of heat loads and temperatures.  
 
9. Micro-controller 
 The micro-controller board that was used did a satisfactory job for a prototype, but caused 
many issues. One of the main issues with the board is that it is a hobby board and could only 
send out and receive voltages of 3.3V. The voltage that the board could handle meant that 
amplifiers and voltage dividers had to be used to be able to send out and receive the proper 
amount of voltage to the other components. The addition of these increased the complexity of 
the wiring which increased the chance of mistakes and inherent error. Also, the board cannot 
handle anything more than basic math, which hindered what equations that could be used in 
the control scheme. The board’s digital to analog convertors (DACs) do not do what they are 
rated for. The DACs are said to have a range of 0 - 3.3V but in actuality the range is only 0.54 
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– 2.75V. This greatly reduced the control we had on the system because all the control 
voltages would need to be multiplied greatly to achieve the full range of the fan and the pump. 
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Conclusion 
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In conclusion, the two-phase evaporative cooling system is the first step towards a standardized 
cooling unit capable of dissipating a range of heat loads. While our system only covers 2 kW to 4 
kW, the groundwork has been laid for a path to an off-the-shelf variable unit that Parker can 
offer to its clients. If paired with the correct evaporator, the unit can easily fit many different 
cooling applications with minimal setup and no maintenance. The control system is designed to 
cool a device given at a specific heat load and an inlet condenser temperature within 10 – 20 C of 
the ambient temperature. The two-phase evaporative cooling system will maintain that inlet 
temperature and adjust accordingly as the ambient air around the unit changes. All requirements 
have been met or exceeded the original expectations set forth by the Parker Hannifin Precision 
Cooling Business Unit.  
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Appendix A: Figures 
 
Figure A. 1: Electrical Schematic of Microcontroller 
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Figure A. 2: Schematic for Fan 
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Appendix B: Tables 
 
Table B. 1: Important Information Regarding Different Condenser Options 
Condenser 
Rating (kW) Size 
Required Air 
Flow Rate 
(SCFM) 
Air Pressure 
Drop 
(inH20) 
8 20x20 2700 0.814 
8 20x40 2400 0.256 
4 20x20 1200 0.214 
4x2 20x20(x2Condensers) 1200 0.45 
 
Table B.2: Performance Specifications for the Chosen Fan 
Current Input 
(Amps) 
Airflow 
(CFM) 
Static Pressure 
(inH2o) 
10.9 1941 0 
11.4 1800 0.2 
11.8 1634 0.4 
11.6 1522 0.5 
11.6 1416 0.6 
11.5 1263 0.7 
11.1 968 0.8 
10.9 590 1 
10.9 372 1.2 
11.2 118 1.4 
11.6 0 1.6 
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Appendix C: EES Thermodynamic Model 
 
"User Inputs" 
Q_dot= 8 
T_1=50 
 
"Fixed Variables" 
e=0.000005 *convert(ft,m) 
 
 
"State 1, Condenser Inlet" 
x_1=0.7 
P_1=Pressure(R134A,T=T_1,x=x_1) 
h_1=Enthalpy(R134A,T=T_1,x=x_1) 
rho_1=840 
 
"State 2, Condenser Outlet" 
x_2=0 
P_2= P_1 - 9[kPa] 
T_2=Temperature(R134A,P = P_2, x = x_2) 
h_2=Enthalpy(R134A,T=T_2,x=x_2) 
rho_2=Density(R134A,T=T_2,x=x_2) 
 
"State 3, Accumulator Outlet" 
x_3=0 
P_3= P_2 
T_3=Temperature(R134A,P = P_3, x = x_3) 
h_3=Enthalpy(R134A,T=T_3,x=x_3) 
rho_3=Density(R134A,T=T_3,x=x_3) 
 
"State 4, Pump Outlet" 
P_4 = P_1 + 120[kPa] 
h_4=h_2 
T_4=Temperature(R134A,P=P_4,h=h_4) 
rho_4=Density(R134A,T=T_4, P = P_4) 
 
"R134A Flow Rate" 
m_dot_R134A=Q_dot/(h_1-h_4) 
 
"Cold Plate to Condenser - V=5ft/s" 
d_1=.492*convert(in,m) 
L_1=1 
u_1=viscosity(R134a,T=T_1,x=1) *0.7+viscosity(R134a,T=T_1,x=0)*0.3 
v_1=m_dot_R134A/rho_1/(pi*d_1^2/4)*convert(m,ft) 
Re_1=4*m_dot_R134A/(u_1*pi*d_1) 
1/sqrt(f_1)=-2*log10(e/d_1/3.7+2.51/(Re_1*sqrt(f_1))) 
V_dot_1=m_dot_R134A/rho_1 
dp_1=8*f_1*rho_1*L_1*V_dot_1^2/(pi^2*d_1^5) 
 
"Condenser to Accumulator - V=5ft/s" 
d_2=0.622*convert(in,m) 
L_2=0.5 
u_2=viscosity(R134a,T=T_2,x=x_2)  
v_2=m_dot_R134A/rho_2/(pi*d_2^2/4)*convert(m,ft) 
Re_2=4*m_dot_R134A/(u_2*pi*d_2) 
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1/sqrt(f_2)=-2*log10(e/d_2/3.7+2.51/(Re_2*sqrt(f_2))) 
V_dot_2=m_dot_R134A/rho_2 
dp_2=8*f_2*rho_2*L_2*V_dot_2^2/(pi^2*d_2^5) 
 
"Accumulator to Pump - V=2.5ft/s" 
d_3=0.622*convert(in,m) 
L_3=1 
u_3=viscosity(R134a,T=T_3,x=x_3)  
v_3=m_dot_R134A/rho_3/(pi*d_3^2/4)*convert(m,ft) 
Re_3=4*m_dot_R134A/(u_3*pi*d_3) 
1/sqrt(f_3)=-2*log10(e/d_3/3.7+2.51/(Re_3*sqrt(f_3))) 
V_dot_3=m_dot_R134A/rho_3 
dp_3=8*f_3*rho_3*L_3*V_dot_3^2/(pi^2*d_3^5) 
 
"Pump to Cold Plate - V=3.5ft/s" 
d_4=0.622*convert(in,m) 
L_4=0.5 
u_4=viscosity(R134a,T=T_4,P=P_4)  
v_4=m_dot_R134A/rho_4/(pi*d_4^2/4)*convert(m,ft) 
Re_4=4*m_dot_R134A/(u_4*pi*d_4) 
1/sqrt(f_4)=-2*log10(e/d_4/3.7+2.51/(Re_4*sqrt(f_4))) 
V_dot_4=m_dot_R134A/rho_4 
dp_4=8*f_4*rho_4*L_4*V_dot_4^2/(pi^2*d_4^5) 
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Appendix D: Solid Models 
 
 
Figure D. 1: Rendering of the Final Pipe Assembly 
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Figure D. 2: Rendering of the Double Condenser 
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Figure D. 3: Rendering of the Fan Side of the Housing 
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Figure D. 4: Rendering of the Condenser Side of the Housing 
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Figure D. 5: Rendering of the Pipe Assembly Inside of the Housing 
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Appendix E: Redesigned Fan Properties 
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Appendix F: Bill of Materials 
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Appendix G:  Enclosure Sheet Metal Drawings	
G-1: Access Panel Door 
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G-2: Base Plate Assembly 
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G-3: Base Plate 
97 
 
G-4: Bottom Plate Support 
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G-5: Button Screw A 
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G-6: Button Screw B 
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G-7: Condenser Panel 
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G-8: Countersunk 
102 
 
G-9: Left Leg Frame 
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G-10: Middle Plate Support Bracket 
 
104 
 
G-11: Middle Plate Support 
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G-12: Outer Shell 
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G-13: Pem Nut 
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G-14: Pem Stud 
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G-15: Rear Leg Frame 
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G-16: Rear Front Leg Frame 
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G-17: Top Plate Support 
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G-18: Top Plate 
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G-19: Top Plate Assembly 
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G-20: Left Front Leg Assembly – Step 1 
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G-21: Left Front Leg Assembly – Step 2 
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G-22: Middle Plate Assembly 
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G-23: Outer Shell Assembly 
 
117 
 
G-24: Rear Leg Assembly – Step 1 
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G-25: Rear Leg Assembly – Step 2 
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G-26: Right Front Leg Assembly – Step 1 
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G-27: Right Front Leg Assembly – Step 2 
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G-28: Interface 
 
122 
 
G-29: Middle Plate 
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G-30: Housing Step 1 
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G-31: Housing Step 2 
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G-32: Final Housing 
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Appendix H:  Copper Drawings 
H-1: Copper 1 
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H-2: Copper 2 
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H-3: Copper 3 
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H-4: Copper 4 
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H-5: Copper 5 
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H-6: Copper 6 
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H-7: Copper 7 
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H-8: Copper 8 
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H-9: Copper 9 
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H-10: Copper 10 
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H-11: Copper 11 
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H-12: Copper 12 
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Appendix I:  Assembly Drawings 
I-1: Charge Port - Strainer Assembly 
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I-2: Condenser Assembly 
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I-3: Pump Assembly 
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I-4: Flow Meter – Filter Dryer Assembly 
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I-5: Accumulator Assembly 
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I-6: Full Assembly 
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Appendix J:  Bracket Drawings 
J-1: Accumulator Bracket 
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J-2: Accumulator Bracket 
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J-3: Pump Bracket 
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J-4: Filter Dryer Bracket 
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J-5: Flow Meter Bracket 
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Appendix K:  Sheet Metal Graphics 
K-1: Interface Graphic 
 
 
K-2: Pipe Inlet Graphic 
 
 
K-3: Pipe Outlet Graphic 
 
K-4: Power Graphic 
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Appendix L:  Micro-controller Code 
#include <Wire.h> 
#include <SPI.h> 
 
//Define Matrix Orbital LK204-7T-1U (lcd) 
//and its address on i2c bus.  The default address is decimal 80. 
//Decimal 80 is hex 50 (50h).  50h is binary 0101 0000 using 8 bits. 
//Drop last bit to get i2c 7 bit address in binary, 010 1000.  Binary 010 1000  
//is 28h, and is the address of the lcd on i2c bus. 
#define lcd (0x28) 
 
// Declare global variables. 
double cond_inlet_temp; 
double time_zero; 
double Temp_zero; 
double OldT; 
int digital_pumpspeed; 
double pumpspeed; 
double storeOldT = 0; 
int fanspeed = 50; 
double tau = 0; 
int row = 0; 
double Tf = 0; 
double hl = 0; 
int menutemp; 
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void setup() { 
  Serial.begin(9600); 
   
  //LCD: Initialize display with clear command. 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(88); 
  Wire.endTransmission(); 
  delay(1); 
   
  Serial.println("CLEARDATA"); 
  Serial.println("LABEL,Time,Heat Load,Amb. Temp,Selected Temp.,Calculated Temp.,Cond. 
Inlet Temp.,Cond. Outlet Temp.,Flowmeter,Fanspeed,Pump Oulet Pressure,Cond. Outlet 
Pressure"); 
   
   
  /*  This is setup for the two thermocouples. */ 
  //Thermocouple 1 
  /* This is thermocouple at the condenser inlet, CoIT, this thermocouple 
  uses Chip Seclect Pin 4. */ 
  SPI.begin(4); //Chip Select Pin 4, board pin Digital 4== PWM Pin 4   
  SPI.setClockDivider(4,254); //330.708 kHz 
  SPI.setDataMode(4,1);        // Use SPI Mode 1 (CPOL = 0, CPHA = 1) 
  SPI.setBitOrder(4,MSBFIRST); 
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  //Thermocouple 2 
  /* This is thermocouple at the condenser outlet, CoOT, this thermocouple 
  uses Chip Seclect Pin 10. */ 
  SPI.begin(10); //Chip Select Pin 10, board pin Digital 10 == PWM Pin 10   
  SPI.setClockDivider(10,254); //330.708 kHz 
  SPI.setDataMode(10,1);        // Use SPI Mode 1 (CPOL = 0, CPHA = 1) 
  SPI.setBitOrder(10,MSBFIRST); 
  /*--------------------------------------------------------------------*/ 
 
  delay(1000); 
   
  analogWrite(DAC0,0); //set the pump to run at minimum speed 
  analogWrite(2,0); 
  Wire.begin(); 
     
  //LCD: Initialize display with clear command. 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(88); 
  Wire.endTransmission(); 
  delay(1); 
   
  //LCD: Blinking Block Cursor On 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
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  Wire.write(83); 
  Wire.endTransmission(); 
  delay(1); 
     
  /* Presentation screens. */ 
  /* Presentation screen 1. */ 
  MoveCursor(1,1); 
  Wire.beginTransmission(lcd);  
  Wire.write("IPFW Senior Design"); 
  Wire.endTransmission(); 
  delay(500); 
  MoveCursor(1,2); 
  Wire.beginTransmission(lcd); 
  Wire.write("Two Phase Cooling"); 
  Wire.endTransmission(); 
  delay(100); 
  MoveCursor(1,3); 
  Wire.beginTransmission(lcd); 
  Wire.write("Sponsored By:"); 
  Wire.endTransmission(); 
  delay(100); 
  MoveCursor(1,4); 
  Wire.beginTransmission(lcd); 
  Wire.write("Parker Hannifin Corp"); 
  Wire.endTransmission(); 
155 
 
  delay(5000); 
  //LCD: Initialize display with clear command. 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(88); 
  Wire.endTransmission(); 
  delay(1); 
  /* Presentation screen 2. */ 
  MoveCursor(1,1); 
  Wire.beginTransmission(lcd);   
  Wire.write("Group Members: ME"); 
  Wire.endTransmission(); 
  delay(100); 
  MoveCursor(1,2); 
  Wire.beginTransmission(lcd);   
  Wire.write("Ben Davis"); 
  Wire.endTransmission(); 
  delay(100);   
  MoveCursor(1,3); 
  Wire.beginTransmission(lcd);   
  Wire.write("Renee Earley"); 
  Wire.endTransmission(); 
  delay(100); 
  MoveCursor(1,4); 
  Wire.beginTransmission(lcd);   
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  Wire.write("Dan Fernandez"); 
  Wire.endTransmission(); 
  delay(5000); 
  //LCD: Initialize display with clear command. 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(88); 
  Wire.endTransmission(); 
  delay(1); 
  /* Presentation screen 3. */ 
  MoveCursor(1,1); 
  Wire.beginTransmission(lcd);   
  Wire.write("Group Members: EE"); 
  Wire.endTransmission(); 
  delay(100); 
  MoveCursor(1,2); 
  Wire.beginTransmission(lcd);   
  Wire.write("Nonda Manoikrot"); 
  Wire.endTransmission(); 
  delay(100);   
  MoveCursor(1,3); 
  Wire.beginTransmission(lcd);   
  Wire.write("Ilya Shteynberg"); 
  Wire.endTransmission(); 
  delay(5000); 
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  //LCD: Initialize display with clear command. 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(88); 
  Wire.endTransmission(); 
  delay(1); 
  /* Presentation screen 4. */ 
  MoveCursor(1,1); 
  Wire.beginTransmission(lcd);   
  Wire.write("Special Thanks To:"); 
  Wire.endTransmission(); 
  delay(100); 
  MoveCursor(1,2); 
  Wire.beginTransmission(lcd);   
  Wire.write("Dr. H. Abu-Mulaweh"); 
  Wire.endTransmission(); 
  delay(100); 
  MoveCursor(1,3); 
  Wire.beginTransmission(lcd);  
  Wire.write("Dr. H Oloomi"); 
  Wire.endTransmission(); 
  delay(100); 
  MoveCursor(1,4); 
  Wire.beginTransmission(lcd);   
  Wire.write("Dr. D Mueller"); 
158 
 
  Wire.endTransmission(); 
  delay(5000); 
  //LCD: Initialize display with clear command. 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(88); 
  Wire.endTransmission(); 
  delay(1); 
  /* Presentation screen 5. */ 
  MoveCursor(1,1); 
  Wire.beginTransmission(lcd);   
  Wire.write("J. Hunnicutt"); 
  Wire.endTransmission(); 
  delay(100); 
  MoveCursor(1,2);   
  Wire.beginTransmission(lcd);   
  Wire.write("D. Schuckel"); 
  Wire.endTransmission(); 
  delay(100); 
  MoveCursor(1,3); 
  Wire.beginTransmission(lcd); 
  Wire.write("S. O'Shaughnessy"); 
  Wire.endTransmission(); 
  delay(5000); 
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  start_menu();    
} 
 
 
void loop()  
{     
  storeOldT=fancontrol(storeOldT); 
   
  MoveCursor(6,2); 
  print_number_lcd(ambtemp()); 
  delay(10); 
   
  MoveCursor(6,3); 
  int cond_inlet_temp2=CoIT(); 
  print_number_lcd(cond_inlet_temp2); 
  delay(10); 
   
  MoveCursor(6,4); 
  int cond_outlet_temp2=CoOT(); 
  print_number_lcd(cond_outlet_temp2); 
  delay(10); 
   
  MoveCursor(16,2); 
  int pump_outlet_pressure2=POP(); 
  ppfl(pump_outlet_pressure2); 
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  delay(10); 
   
  MoveCursor(16,3); 
  int condenser_outlet_pressure2=CoOP(); 
  ppfl(condenser_outlet_pressure2); 
  delay(10); 
   
  MoveCursor(16,4); 
  int flowmeter2=PLpH(); 
  ppfl(flowmeter2); 
  delay(10); 
 
   poll2(); 
    
   Serial.print("DATA, TIME,"); Serial.print(hl);Serial.print(",");Serial.print(ambtemp()); 
   Serial.print(",");Serial.print(cond_inlet_temp);Serial.print(","); 
   Serial.print(Tf);Serial.print(",");Serial.print(CoIT());Serial.print(","); 
   Serial.print(CoOT());Serial.print(",");Serial.print(flowmeter2);Serial.print(","); 
   Serial.print(fanspeed);Serial.print(",");Serial.print(pump_outlet_pressure2); 
   Serial.print(",");Serial.println(condenser_outlet_pressure2); 
   row++; 
   if (row > 1000) 
   { 
     row = 0; 
     Serial.println("ROW,SET,2"); 
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   } 
      
   delay(100); 
 
 } 
 
double fancontrol(double OldT) 
{ 
  double Ts = cond_inlet_temp;     //selected desired inlet temp 
  double T_inlet = CoIT();         //current inlet temp 
  double T0 = Temp_zero;             //Set starting temp to be current inlet temp 
  int fancounter; 
  int dT = cond_inlet_temp - Temp_zero; 
 
  if (T_inlet < Temp_zero + 3) 
  { 
    time_zero = millis(); 
  } 
   
  int t0 = time_zero;      //set starting time to be current time 
   
  if ( T_inlet > Ts || T_inlet < Ts ) 
  { 
     
    if (T_inlet <= (Ts + 1) && T_inlet >= (Ts - 1)) 
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    { 
      delay(2000); 
    } 
     
    double t = (millis() - t0)/1000; 
     
    double OldTf = Ts - (1/(pow(2.0,(t-1)/tau)))*(Ts - T0); 
    Tf  = Ts - (1/(pow(2.0,t/tau)))*(Ts - T0); 
 
//    double Ta = abs(OldTf - OldT)*100; 
//    double Tb = abs(Tf - T_inlet)*100; 
     
     
      if (T_inlet < Tf && fanspeed >= 60) 
      { 
   fanspeed = fanspeed - 10; //decrease fan speed by some incremental amount 
      } 
      if (T_inlet > Tf && fanspeed <= 1000) 
      { 
   fanspeed = fanspeed + 10; //increase fan speed by some incremental amount 
      } 
       
    int fan_digital_value = fanspeed*214/1000; 
    analogWrite(2, fan_digital_value); 
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  } 
//  Serial.println(Ts); 
//  Serial.println(T_inlet); 
//  Serial.println(fanspeed); 
  return T_inlet; 
} 
 
/*  This function moves the cursor to specified location 
on LCD. */ 
void MoveCursor(byte column, byte row) 
{ 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(71); 
  Wire.write(column); 
  Wire.write(row); 
  Wire.endTransmission(); 
  return; 
} 
 
byte poll() 
{ 
  byte b=0; 
  while(b==0) 
  { 
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    Wire.requestFrom(lcd, 1);    // request 1 bytes from slave device keypad 
    while(Wire.available())    // slave may send less than requested 
    { 
      b = Wire.read();    // receive a byte as character 
    } 
    delay(10); 
  } 
  return b; 
} 
 
void poll2() 
{ 
  byte b=0; 
  int time=millis(); 
  int a=0; 
  while(b==0 && a<=1000) 
  { 
    a = millis() - time; 
    Wire.requestFrom(lcd,1); 
    while(Wire.available()) 
    { 
      b=Wire.read(); 
      if(b==65) 
      { 
        start_menu(); 
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      } 
      delay(10); 
    } 
  } 
  return; 
} 
 
/*  This function takes ambient temperature in numbers (-10C to +60C), convert the numbers 
to characters, sends characters to lcd. */ 
void print_number_lcd(int number) 
{ 
  char abc[]="0123456789";   
   
  for(int test=-10; test<=60; test++) 
  { 
    if(test==number) 
    { 
      if(test>=0 && test<10) 
      { 
        Wire.beginTransmission(lcd); 
        Wire.write(abc[test]); 
        Wire.endTransmission(); 
      } 
      delay(10); 
      if(test>=10 && test<20) 
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      { 
        test=test-10; 
        Wire.beginTransmission(lcd); 
        Wire.write("1"); 
        Wire.write(abc[test]); 
        Wire.endTransmission(); 
      }  
      delay(10); 
      if(test>=20 && test<30) 
      { 
        test=test-20; 
        Wire.beginTransmission(lcd); 
        Wire.write("2"); 
        Wire.write(abc[test]); 
        Wire.endTransmission(); 
      } 
      delay(10); 
      if(test>=30 && test<40) 
      { 
        test=test-30; 
        Wire.beginTransmission(lcd); 
        Wire.write("3"); 
        Wire.write(abc[test]); 
        Wire.endTransmission(); 
      } 
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      delay(10); 
      if(test>=40 && test<50) 
      { 
        test=test-40; 
        Wire.beginTransmission(lcd); 
        Wire.write("4"); 
        Wire.write(abc[test]); 
        Wire.endTransmission(); 
      } 
      delay(10); 
      if(test>=50 && test<60) 
      { 
        test=test-50; 
        Wire.beginTransmission(lcd); 
        Wire.write("5"); 
        Wire.write(abc[test]); 
        Wire.endTransmission(); 
      } 
      delay(10);       
      if(test>=-9 && test<0) 
      { 
        test=-1*test; 
        Wire.beginTransmission(lcd); 
        Wire.write("-"); 
        Wire.write(abc[test]); 
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        Wire.endTransmission(); 
      }  
      delay(10); 
      return; 
    } 
  } 
} 
 
/*  This is ambient temperature sensor function. */ 
float ambtemp() 
{ 
  //This section is for ambient temperature. 
  //Take analog input at A0 and covert it to digital value. 
  int reading = analogRead(0); 
  //Convert the digital value back to the analog value. 
  float voltage = reading * 3.3/1024; 
  //Use analog value to calculate temperature in degrees C. 
  float temperatureC = (voltage - 0.5) * 100 ; 
  delay(1); 
  return temperatureC; 
} 
 
/*  This function controlls selection and movement in the temperature 
selection menu. */ 
int selected_temp(int counter) 
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{ 
   
  byte a=0; 
  while(a!=69) 
  { 
    byte col=1; 
    byte row=2;     
    MoveCursor(col,row); 
    for(int c=0;c<counter;c++) 
    { 
      a=poll(); 
      if(a==69) 
      { 
        int Tb = menutemp + 10 + c; 
        return Tb; 
      } 
      else if(a==72) 
      { 
        row++; 
        if(row<=4) 
        { 
          MoveCursor(col,row); 
          delay(100); 
        } 
        else 
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        { 
          row=2; 
          col=col+4; 
          MoveCursor(col,row); 
          delay(100); 
        } 
      } 
    } 
  } 
} 
 
int CoIT() 
{ 
  //Thermocouple 1 
  int data=0; 
  data=SPI.transfer(10, 0xFF, SPI_CONTINUE); 
  data=data<<8; 
  data=data+SPI.transfer(10, 0xFF, SPI_CONTINUE); 
  data=data<<8; 
  data=data+SPI.transfer(10, 0xFF, SPI_CONTINUE); 
  data=data<<8; 
  data=data+SPI.transfer(10, 0xFF); 
 
  int data2=data & 0x7FFFFFFF; 
  data2=data2>>16; 
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  data2=data2>>4; 
  return data2; 
} 
int CoOT() 
{ 
  //Thermocouple 2 
  int data3=0; 
  data3=SPI.transfer(4, 0xFF, SPI_CONTINUE); 
  data3=data3<<8; 
  data3=data3+SPI.transfer(4, 0xFF, SPI_CONTINUE); 
  data3=data3<<8; 
  data3=data3+SPI.transfer(4, 0xFF, SPI_CONTINUE); 
  data3=data3<<8; 
  data3=data3+SPI.transfer(4, 0xFF); 
 
  int data4=data3 & 0x7FFFFFFF; 
  data4=data4>>20; 
  return data4; 
} 
 
void ppfl(int n) 
{ 
  char abc[]="0123456789"; 
  int hun=0; 
  int counthun=-1; 
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  int tens=0; 
  int counttens=0; 
  int dig=0; 
  int fl; 
   
  for(hun=0;hun<=600;hun=hun+100) 
  { 
    counthun++; 
    for(tens=0;tens<=90;tens=tens+10) 
    {      
      for(dig=0;dig<=9;dig++) 
      { 
        fl=hun+tens+dig; 
        if(fl==n) 
        {                    
          if(tens==0) 
          { 
            Wire.beginTransmission(lcd); 
            Wire.write(abc[counthun]); 
            Wire.write(abc[tens]); 
            Wire.write(abc[dig]); 
            Wire.endTransmission(); 
          } 
          if(tens!=0) 
          { 
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            counttens=tens/10; 
            Wire.beginTransmission(lcd); 
            Wire.write(abc[counthun]); 
            Wire.write(abc[counttens]); 
            Wire.write(abc[dig]); 
            Wire.endTransmission(); 
          }           
        }         
      } 
    } 
  } 
  return; 
} 
 
int POP() 
{ 
  int p=0;  
  p=analogRead(1); //read pressure sensor 1 on ANALOG IN Pin A1 
  float pp=p*5000/1024; //pressure sensor output in millivolts 
  int pump_output_pressure=500*pp/5000; 
  return pump_output_pressure; 
} 
int CoOP() 
{ 
  int cp=0;  
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  cp=analogRead(2); //read pressure sensor 2 on ANALOG IN Pin A2 
  float cpp=cp*5000/1024; //pressure sensor output in millivolts 
  int condenser_output_pressure=500*cpp/5000; 
  return condenser_output_pressure; 
} 
int PLpH() 
{ 
  int a=0; 
  a=analogRead(3); //read flow meter on ANALOG IN Pin A3 
  float a1=a*3.3/1024; //flow meter output in volts 
  int flowmeter=a1*(5/3.3)*0.53*60; 
  return flowmeter; 
} 
 
void start_menu() 
{ 
    //LCD: clear command. 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(88); 
  Wire.endTransmission(); 
  delay(1); 
   
  //LCD: Blinking Block Cursor On 
  Wire.beginTransmission(lcd); 
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  Wire.write(254); 
  Wire.write(83); 
  Wire.endTransmission(); 
  delay(1); 
   
  //LCD: Auto Scroll Off 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(82); 
  Wire.endTransmission(); 
  delay(1); 
   
  /* -----------------------------------------*/ 
  //Absolutely needed for i2c. 
  //Keypad: Transmission Protocl Select 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(160); 
  Wire.write(0); 
  Wire.endTransmission(); 
  delay(1); 
     
  //Keypad: Auto Transmit Key Presses Off 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
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  Wire.write(79); 
  Wire.endTransmission(); 
  delay(1); 
  /*---------------------------------------*/   
   
  //Move cursor to column 1, row 1, print on lcd: Select heat load: 
  MoveCursor(1,1);   
  /*  Heat Load Menu. */ 
  Wire.beginTransmission(lcd); 
  Wire.write("Select heat load:"); 
  Wire.endTransmission(); 
  delay(100); 
  //Move cursor to column 2, row 2, print on lcd: 2.0 kW 
  MoveCursor(2,2); 
  Wire.beginTransmission(lcd); 
  Wire.write("2.0 kW"); 
  Wire.endTransmission(); 
  delay(100); 
  //Move cursor column 2, row 3, print: 2.5 kW 
  MoveCursor(2,3); 
  Wire.beginTransmission(lcd); 
  Wire.write("2.5 kW"); 
  Wire.endTransmission(); 
  delay(100); 
  //Move cursor column 2, row 4, print: 3.0 kW 
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  MoveCursor(2,4); 
  Wire.beginTransmission(lcd); 
  Wire.write("3.0 kW"); 
  Wire.endTransmission(); 
  delay(100); 
  //Move cursor column 11, row 2, print: 3.5 kW 
  MoveCursor(11,2); 
  Wire.beginTransmission(lcd); 
  Wire.write("3.5 kW"); 
  Wire.endTransmission(); 
  delay(100); 
  //Move cursor column 11, row 3, print: 4.0 kW 
  MoveCursor(11,3); 
  Wire.beginTransmission(lcd); 
  Wire.write("4.0 kW"); 
  Wire.endTransmission();   
  delay(100); 
  //This command moves cursor in front of first heat load in the list.   
  MoveCursor(1,2); 
   
  /*  This is heat load selection menu.  The user is cycled through  
  the choices by pushing down errow on the keypad.  The blinking cursor  
  next to the heat load indicates which heat load will be selected  
  when the round center button is pressed. */ 
  byte a=0; 
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  while(a!=69) 
  { 
    a=poll();     
    if(a==69) 
    { 
      hl=2; 
    } 
    else if(a==72) 
    { 
      MoveCursor(1,3); 
      a=poll(); 
      if(a==69) 
      { 
        hl=2.5; 
      } 
      else if(a==72) 
      { 
        MoveCursor(1,4); 
        a=poll(); 
        if(a==69) 
        { 
          hl=3; 
        } 
        else if(a==72) 
        { 
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          MoveCursor(10,2); 
          a=poll(); 
          if(a==69) 
          { 
            hl=3.5; 
          } 
          else if(a==72) 
          { 
            MoveCursor(10,3); 
            a=poll(); 
            if(a==69) 
            { 
              hl=4; 
            } 
            else 
            { 
              MoveCursor(1,2); 
            } 
          } 
        } 
      } 
    } 
  } 
   
  //LCD: clear command. 
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  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(88); 
  Wire.endTransmission(); 
  delay(1); 
   
  /* Temperature Menu */ 
  Wire.beginTransmission(lcd); 
  Wire.write("Set Operating Temp.:"); //select condenser inlet temperature 
  Wire.endTransmission(); 
  delay(1); 
   
  byte counter=0; 
  menutemp = ambtemp(); 
  for(byte co1=2;co1<16;co1=co1+4) 
  {     
    for(byte row1=2;row1<5;row1++) 
    { 
        int Tb=menutemp+10+counter; 
        if(Tb<=50 && counter<11) 
        { 
          MoveCursor(co1,row1); 
          print_number_lcd(Tb); 
          counter++; 
          delay(100); 
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        } 
      } 
  }  
 /*-------------------------------------------------------------------*/  
 cond_inlet_temp=selected_temp(counter); 
  if(hl==2) 
  { 
    pumpspeed=0.0051*cond_inlet_temp*cond_inlet_temp+0.1531*cond_inlet_temp+40.547-27; 
    digital_pumpspeed=pumpspeed*255/250*(5/2.21);        
    analogWrite(DAC0,digital_pumpspeed); 
  } 
  if(hl==2.5) 
  { 
    pumpspeed=0.0064*cond_inlet_temp*cond_inlet_temp+0.1914*cond_inlet_temp+50.684-27; 
    digital_pumpspeed=pumpspeed*255/250*(5/2.21); 
    analogWrite(DAC0,digital_pumpspeed); 
  } 
  if(hl==3) 
  { 
    pumpspeed=0.0077*cond_inlet_temp*cond_inlet_temp+0.2297*cond_inlet_temp+60.82-27; 
    digital_pumpspeed=pumpspeed*255/250*(5/2.21); 
    analogWrite(DAC0,digital_pumpspeed); 
  } 
  if(hl==3.5) 
  { 
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    pumpspeed=0.009*cond_inlet_temp*cond_inlet_temp+0.2679*cond_inlet_temp+70.957-27; 
    digital_pumpspeed=pumpspeed*255/250*(5/2.21); 
    analogWrite(DAC0,digital_pumpspeed); 
  } 
  if(hl==4) 
  { 
    pumpspeed=0.0102*cond_inlet_temp*cond_inlet_temp+0.3062*cond_inlet_temp+81.094-27; 
    digital_pumpspeed=pumpspeed*255/250*(5/2.21); 
    analogWrite(DAC0,digital_pumpspeed); 
  } 
   
  Serial.println(pumpspeed); 
   
   //LCD: clear command. 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(88); 
  Wire.endTransmission(); 
  delay(1); 
   
  //LCD: Blinking Block Cursor Off 
  Wire.beginTransmission(lcd); 
  Wire.write(254); 
  Wire.write(84); 
  Wire.endTransmission(); 
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  delay(1); 
   
  MoveCursor(1,1); 
  Wire.beginTransmission(lcd); 
  Wire.write("Heat Load:   kW T:"); 
  Wire.endTransmission(); 
  MoveCursor(11,1); 
  if(hl==2) 
  { 
    Wire.beginTransmission(lcd); 
    Wire.write("2.0"); 
    Wire.endTransmission(); 
  } 
  if(hl==2.5) 
  { 
    Wire.beginTransmission(lcd); 
    Wire.write("2.5"); 
    Wire.endTransmission(); 
  } 
  if(hl==3) 
  { 
    Wire.beginTransmission(lcd); 
    Wire.write("3.0"); 
    Wire.endTransmission(); 
  } 
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  if(hl==3.5) 
  { 
    Wire.beginTransmission(lcd); 
    Wire.write("3.5"); 
    Wire.endTransmission(); 
  } 
  if(hl==4) 
  { 
    Wire.beginTransmission(lcd); 
    Wire.write("4.0"); 
    Wire.endTransmission(); 
  } 
  delay(100); 
  MoveCursor(19,1); 
  int atemp = cond_inlet_temp; 
  print_number_lcd(atemp); 
  delay(100); 
   
  /*  Sensor Labels. */ 
  //Ambient Temperature, °C. 
  MoveCursor(1,2); 
  Wire.beginTransmission(lcd); 
  Wire.write("AmbT: "); 
  Wire.endTransmission(); 
  delay(100); 
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  //Condenser Inlet Temperature, °C. 
  MoveCursor(1,3); 
  Wire.beginTransmission(lcd); 
  Wire.write("CoIT: "); 
  Wire.endTransmission(); 
  delay(100); 
  //Condenser Outlet Temperature, °C. 
  MoveCursor(1,4); 
  Wire.beginTransmission(lcd); 
  Wire.write("CoOT: "); 
  Wire.endTransmission(); 
  delay(100); 
  //Pressure sensor at pump outlet. 
  MoveCursor(10,2); 
  Wire.beginTransmission(lcd); 
  Wire.write("POP: "); //Pump Outlet Pressure 
  Wire.endTransmission(); 
  delay(100); 
  //Condenser Outlet Pressure. 
  MoveCursor(10,3); 
  Wire.beginTransmission(lcd); 
  Wire.write("CoOP: "); 
  Wire.endTransmission(); 
  delay(100); 
  //Flow Meter at outlet of the pump. 
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  MoveCursor(10,4); 
  Wire.beginTransmission(lcd); 
  Wire.write("PLpH: "); //Pupm Liters per Hour 
  Wire.endTransmission(); 
  delay(100); 
   
  Temp_zero=CoIT(); 
  OldT=Temp_zero; 
  time_zero = millis(); 
   
  int dT = cond_inlet_temp - (Temp_zero + 3); 
  int n = 0; 
  int b = pow(2, n); 
   
  while (dT > b) 
  { 
    n++; 
    b = pow(2,n); 
  } 
  tau = 100/n; 
  return; 
} 
   
